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Abstract	  
 
 
Cadherins	   are	   calcium	   dependent	   cell	   adhesion	   molecules.	   The	   interaction	  
between	   cadherin	   molecules	   is	   important	   in	   establishing	   cell	   polarity,	   tissue	  
identity	   and	   tissue	  boundary.	  This	   study	   focused	  on	   the	  mechanism	  of	   cadherin	  
mediated	  cell-­‐cell	  interaction	  and	  binding	  specificity.	  	  
First,	   the	   bond	   properties	   were	   studied	   with	   the	   micropipette	   manipulation	  
method.	   	   The	   results	   revealed	   that	   cadherin	   binding	   exhibits	   biphasic	   kinetics.	  
Further	   studies	   with	   domain	   deletion	   mutants	   showed	   that	   the	   EC1	   domain	   of	  
cadherin	   extracellular	   region	   is	   responsible	   for	   the	   first	   phase	   of	   the	   biphasic	  
kinetic	  profile.	  The	  affinity	  and	  dissociation	  rate	  of	  EC1	  bond	  were	  then	  extracted	  
by	  modeling	  the	  first	  phase.	  	  
Second,	   the	   differences	   between	   cadherin	   homophilic	   and	   heterophilic	  
interactions	  were	   investigated.	  The	  measurements	   showed	   that	   the	  properties	  of	  
both	  heterophilic	  and	  homophilic	  bonds	  are	  similar.	  Surprisingly,	  Rac1	  activation	  
triggered	  by	  cadherin	  adhesion	  showed	  a	  greater	  response	  to	  homophilic	  than	  to	  
heterophilic	   binding	   by	   Xenopus	   cleavage	   stage	   cadherin	   (C-­‐cadherin)	   and	   by	  
canine	  epithelial	  cadherin	  (E-­‐cadherin).	  	  
Finally,	  mutations	  were	  introduced	  in	  C-­‐cadherin	  to	  study	  the	  structural	  basis	  
of	   cadherin	   dependent	   cell	   sorting	   specificity.	   Three	   mutations	   were	   chosen	  
according	   to	   the	   structure	   and	   sequence	   difference	   between	  C-­‐	   and	  N-­‐	   (neural)	  
cadherin.	   One	   mutation,	   the	   S78A,	   completely	   switched	   the	   C-­‐cadherin	   sorting	  
 iii 
specificity.	   More	   interestingly,	   the	   three	   mutations	   influenced	   both	   cadherin	  
affinity	   and	   Rac1	   activation.	   The	   consequent	   changes	   in	   affinity	   correlated	   both	  
with	  sorting	  and	  with	  the	  changes	  in	  Rac1	  activation.	  The	  results	  showed	  a	  direct	  
link	  between	  affinity	  and	  Rac1	  activation,	  and	  identified	  a	  subset	  of	  residues	  in	  C-­‐
cadherin	  that	  have	  a	  significant	  impact	  on	  binding	  specificity.	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Chapter	  1	  	  
	  
Introduction	  
	  
1.1 Overview	  of	  Cadherin	  Structure	  and	  Function	  
Cadherins	   are	   calcium	   dependent	   cell	   adhesion	   glyco-­‐proteins.	   The	  
interaction	   between	   cadherin	   molecules	   are	   important	   in	   cell	   recognition,	   cell	  
sorting,	   cell	   polarity,	   tissue	   boundary	   formation,	   epithelial	   to	   mesenchymal	  
transition	   (EMT),	   gastrulation,	   tissue	  morphogenesis	   and	   tumor	  metastasis	   [1,2].	  
There	   are	   more	   than	   350	   members	   in	   the	   cadherin	   superfamily	   [3].	   They	   are	  
characterized	  by	  the	  Greek-­‐key	  like β-­‐strand	  repeats	  (cadherin	  extracellular	  repeat	  
or	  EC	  domain)	   in	   the	   extracellular	   segment	   [4].	  Among	   the	   cadherin	   family,	   the	  
classical	  cadherins	  are	  the	  most	  intensively	  studied	  and	  best	  characterized.	  	  
There	  are	  more	  than	  20	  members	  in	  the	  classical	  cadherin	  family.	  Although	  
different	   classical	   cadherin	   subtypes	   adhere,	   a	   widespread	   view	   is	   that	   classical	  
cadherins	   preferentially	   form	   homophilic	   bonds	   with	   identical	   cadherins	   on	  
adjacent	  cells.	  This	  Cadherin-­‐dependent	  cell	  adhesion	  specificity	  is	  thought	  to	  be	  
important	  in	  regulating	  cell	  recognition	  and	  cell	  sorting	  during	  development	  [5-­‐7].	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However,	   the	  mechanism	   of	   how	   cadherin	   regulates	   these	   functions	   through	   its	  
adhesion	  specificity	  remains	  elusive.	  	  
The	  classical	  cadherins	  contain	  five	  extracellular	  (EC)	  domains,	  one	  single-­‐
pass	   transmembrane	   domain	   and	   a	   cytoplasmic	   tail.	   Three	   calcium	   ions	   are	  
located	   at	   each	   of	   the	   four	   EC	   domain	   junctions.	   	   Calcium	   binding	   maintains	  
structure	  rigidity,	  adhesive	  activity	  and	  protease	  resistance	  [8,9].	  	  The	  cytoplasmic	  
tail	  can	  be	  divided	  into	  the	  juxamembrane	  region,	  which	  interacts	  with	  p120,	  and	  
the	  distal	   tail	   region,	  which	   interacts	  with	  β-­‐catenin	   [2].	  β-­‐catenin	   also	   interacts	  
with	  α-­‐catenin,	  which	  binds	  to	  and	  regulates	  actin	  polymerization	  (Figure	  1).	  	  
Depending	   on	   the	   structural	   differences	   in	   their	   extracellular	   domains,	  
classical	  cadherins	  can	  be	  further	  categorized	  into	  type	  I	  and	  type	  II	  cadherins.	  In	  
the	   X-­‐ray	   crystal	   structures	   of	   neural	   cadherin	   (N-­‐cadherin)	   EC1	   fragment,	  
epithelial	   cadherin	   (E-­‐cadherin)	   EC1-­‐2	   fragment,	   and	   Xenopus	   cleavage	   stage	  
cadherin	  (C-­‐cadherin)	  EC1-­‐5	  fragment	  [4,9,10],	  the	  second	  tryptophan	  (W2)	  of	  EC1	  
domain	  was	  found	  to	  dock	  into	  a	  conserved	  hydrophobic	  pocket	  of	  the	  EC1	  domain	  
of	   the	  second	  cadherin	  molecule.	   	  However,	  Surface	  Force	  Apparatus	   (SFA),	   flow	  
chamber	   assay,	   biomembrane	   force	   probe	   (BFP),	   and	   Atomic	   force	   microscopy	  
(AFM)	  measurements	  showed	  that	  other	  cadherin	  EC	  domains	  are	  also	  involved	  in	  
binding between cadherin extracellular regions [11-15].	  However,	  the	  structures	  and	  
biophysical	  studies	  all	  used	  cadherin	  ectodomain	  fragments.	  A	  central	  question	  is	  
whether	   the	   properties	   of	   the	   soluble,	   recombinant	   proteins	   reflect	   cadherin	  
behavior	  at	  the	  cell	  membrane.	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Figure	  1.1:	  Structure	  of	  a	  classical	  cadherin	  molecule.	  The	  extracellular	  region	  
of	   cadherin	   contains	   five	   EC	   repeats,	   named	   EC1	   to	   EC5	   from	   the	   N-­‐terminus.	  
Three	   calcium	   ions	   are	   located	   between	   adjacent	   EC	   domains	   to	   coordinate	  
carboxylic	   acid	   side	   chains	   and	   rigidify	   the	   cadherin	   structure.	   The	   positions	   of	  
these	   calcium	   ions	   are	   indicated	   in	   the	   structure	   on	   the	   right.	   Following	   the	  
extracellular	  domain	  are	  the	  single	  pass	  transmembrane	  domain	  and	  cytoplasmic	  
tail.	  The	  cytoplasmic	  domain	  interacts	  with	  catenin	  molecules	  and	  p120	  catenin	  to	  
regulate	   actin	   polymerization	   and	   branching,	   cell	   signaling	   and	   cadherin	  
clustering	   [16].	  The	   structure	  on	   the	   right	  was	  generated	  using	  Visual	  Molecular	  
Dynamics	  (VMD)	  [17]	  and	  pdb	  file	  1L3W	  [9].	  
	  
In	   vitro	   studies	   of	   cell	   aggregation,	   which	   used	   the	   engineered	   cadherin	  
expressing	  cells	  to	  mimic	  the	  cells	   in	  vivo,	   showed	  that	  the	  cadherin	  ectodomain	  
regulates	   cell	   aggregation	   specificity	   [18].	   Hence,	   determining	   mechanisms	   of	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cadherin	  binding	  is	  important	  for	  understanding	  cadherin	  function	  in	  vivo.	  In	  this	  
thesis,	   I	  will	   use	   the	   full-­‐length	   cadherin	   on	   living	   cells	   to	   study	   cadherin	   bond	  
properties.	  The	  following	  sections	  describe	  prior	  investigations	  of	  cadherin	  binding	  
mechanisms	  and	  binding	  specificity.	  
	  
1.2	   Differential	   Adhesion	   Hypothesis	   (DAH)	   and	   Cell	  
Sorting	  
Cell	  aggregation	  studies	  were	  used	  to	  test	  the	  capacity	  of	  cadherins	  to	  drive	  
cell	   sorting	   in	   vitro.	   Previous	   experiments	   indicated	   that	   different	   cadherin	  
subtypes	   could	   cause	   different	   cell	   populations	   to	   segregate,	   or	   sort	   out	   (Figure	  
1.2).	  	  L1	  cells	  expressing	  either	  E-­‐cadherin	  or	  P-­‐cadherin	  were	  labeled	  with	  different	  
fluorescent	   dyes	   and	  mixed	   together	  under	   constant	   shaking	  on	  a	   rotary	   shaker.	  
After	   30	   minutes	   to	   one	   hour,	   in	   this	   case,	   the	   two	   groups	   of	   cells	   sorted	   into	  
separate	   aggregates	   [5].	  However,	   later	   experiments	  with	   other	   classic	   cadherins	  
subtypes	  showed	  that	  cells	  expressing	  different	  subtypes	  of	  cadherin	  formed	  mixed	  
aggregates	   [19-­‐21].	   For	   example,	  when	  Chinese	  Hamster	  Ovary	   (CHO)	   cells	  were	  
engineered	   to	   express	   different	   cadherins,	   CHO	   cells	   that	   expressed	   human	   N-­‐	  
cadherin	   mixed	   with	  Xenopus	   C-­‐cadherin	   expressing	   CHO	   cells,	   but	   sorted	   out	  
from	  CHO	  cells	  that	  expressed	  Human	  E-­‐cadherin.	  The	  cell	  sorting	  results	  did	  not	  
correlate	  with	   the	   sequence	  homology	  of	   the	  EC1	  domain,	  which	   is	   suggested	   to	  
regulate	  the	  specificity	  of	  cadherin-­‐mediated	  cell	  aggregation	  [19]	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The	   expression	   level	   of	   cadherins	   is	   also	   an	   important	   parameter	   that	  
influences	   cell	   sorting.	   Cells	   populations	   that	   express	   the	   same	   cadherin	   but	   at	  
expression	  levels	  differing	  by	  >	  25%	  also	  sort	  out	  [21].	  	  
Another	   approach	   to	   determine	   the	   aggregation	   specificity	   of	   cadherin	  
expressing	  cells	   that	  does	  not	  subject	   them	  to	  unphysiological	   shear	   forces,	  as	   in	  
the	  aggregation	  assay,	  is	  the	  cell	  sorting,	  or	  hanging	  drop	  assay	  (Figure	  1.2	  B)	  [21].	  
Instead	  of	  shaking	  the	  cells,	  cells	  in	  this	  assay	  are	  incubated	  in	  a	  small	  drop	  on	  the	  
lid	  above	  a	  Petri	  dish	  for	  24	  to	  48	  hours.	  The	  cell	  droplet	  is	  maintained	  in	  a	  humid	  
environment	  above	  phosphate	  buffer	  saline	  (PBS)	  in	  the	  Petri	  dish.	  This	  approach	  
similarly	   showed	   that	   the	   cadherin	   identity	   and	   expression	   level	   influence	   cell	  
sorting.	  Importantly,	  both	  the	  cadherin	  subtype	  and	  the	  expression	  level	  influence	  
the	  interfacial	  energies	  between	  adhering	  cells.	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Figure	  1.2:	  in	  vitro	  assays	  used	  to	  determine	  cadherin-­‐dependent	  cell	  sorting	  
behavior.	  (A)	  In	  the	  cell	  aggregation	  assay,	  cells	  expressing	  different	  subtypes	  of	  
cadherins	  were	  labeled	  with	  different	  fluorescence	  dyes	  and	  mixed	  for	  30	  minutes	  
to	   1	   hour	   on	   a	   rotary	   shaker	   to	   facilitate	   aggregate	   formation.	   Cell	   sorting	  
specificity	  is	  identified	  by	  the	  formation	  of	  separate	  or	  mixed	  aggregates.	  (B)	  In	  the	  
hanging	  drop	  assay,	  cells	  are	  mixed	  in	  a	  small	  liquid	  drop	  on	  the	  lid	  of	  a	  Petri	  dish,	  
and	   maintained	   in	   a	   humid	   environment	   above	   PBS	   solution	   in	   the	   Petri	   dish.	  
Aggregates	  are	  visualized	  after	  24	  and	  48	  hr	  of	  incubation.	  	  
	  
The	  Differential	  Adhesion	  Hypothesis	  (DAH)	  was	  proposed	  as	  a	  mechanism	  
to	   explain	   the	   physical	   chemical	   basis	   of	   cell	   sorting.	   It	   suggested	   that	   the	   cells	  
behave	   like	   the	   liquid	   molecules	   that	   reorganize	   to	   minimize	   their	   interfacial	  
energies	  [22].	  When	  two	  groups	  of	  cells	  A	  and	  B	  are	  mixed,	  the	  free	  energy	  of	  the	  
system	   is	   determined	   by	   three	   interfacial	   energy	   terms:	   (1)	   the	   cohesive	   energy	  
between	   identical	   cells	   A	   (WAA),	   the	   cohesive	   energy	   between	   identical	   B	   cells	  
 7 
(WBB)	  and	  the	  adhesive	  energy	  between	  cell	  A	  and	  cell	  B	  (WAB).	  The	  predictions	  of	  
cell	  sorting	  results	  by	  DAH	  are	  listed	  in	  Table	  1.1	  
	  
Table	  1.1:	  Predicted	  cell	  sorting	  by	  the	  differential	  adhesion	  hypothesis	  
Case	   Prediction	  
WAB	  >	  (WAA+WBB)/2	   Complete	  Intermixing	  
WBB	  <	  WAB	  <	  (WAA+WBB)/2	   Sorting	  (with	  B	  cells	  enveloping	  A	  cells	  
inside)	  
0	  <	  WAB	  <	  WBB	   Sorting	  
WAB=0	  	   No	  interactions	  between	  A	  and	  B	  cells	  
*The	  table	  follows	  from	  references	  [22]	  and [23]	  
	  
	  According	   to	   the	   DAH,	   the	   parameters	   that	   determine	   the	   interfacial	  
energies	   are	   the	   homophilic	   and	   heterophilic	   bond	   energies	   of	   the	   cadherin	  
subtypes,	  and	  on	  the	  expression	  level	  of	  cadherin	  on	  the	  cell	  surface	  [24].	  Because	  
the	  interfacial	  energy	  scales	  with	  the	  number	  of	  cadherin	  bonds	  formed,	  cells	  that	  
express	  more	  cadherin	  should	  also	  sort	  out	  from	  cells	  that	  express	  less	  of	  the	  same	  
type	  of	  cadherin	  [20,21].	  
In	   addition	   to	   the	   surface	   binding	   energies,	   recent	   studies	   suggest	   that	  
properties	  of	  the	  cell	  membrane	  may	  also	  contribute	  to	  the	  adhesion	  energies	  [25].	  
New	   findings	   of	   cell	   sorting	   in	   zebra	   fish	   embryos	   suggested	   that	   the	   cortical	  
tension	  also	  contributes	  to	  the	  cell	  sorting	  [25,26].	  Using	  atomic	  force	  microscopy	  
to	  quantify	  both	  cell	  adhesion	  and	  membrane	  tension,	  Krieg	  et	  al.	  found	  that	  cell	  
sorting	  correlated	  with	  membrane	  stiffness	  instead	  of	  with	  cell	  adhesion	  energies	  
[26].	   However,	   the	   authors	   of	   the	   latter	   study	   did	   not	   address	   how	   different	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cadherin	   subtypes,	   which	   are	   required	   for	   cell	   sorting,	   influenced	   the	   cortical	  
tension.	  
In	   this	   thesis,	   I	   investigate	   the	   influences	   of	   measured	   cadherin	   affinities	  
and	   dissociation	   rates	   on	   cell	   sorting.	   I	   also	   explore	   how	   these	   bond	   properties	  
impact	   Rho	   GTPase	   signaling,	   which	   in	   turn	   influences	   the	   cytoskeletal	  
arrangement	  inside	  cells	  and	  which	  may	  influence	  membrane	  tension.	  
	  
1.3	  Cadherin	  Bond	  Properties	  and	  the	  Structural	  Basis	  of	  
Cell	  Aggregation	  Specificity	  
	  
1.3.1	  Structure-­‐based	  Model	  of	  Cadherin	  Adhesion	  
The	  domain	  swapping	  study	  with	  mouse	  E-­‐cadherin	  and	  P-­‐cadherin	  showed	  
that	  EC1	  domain	  confers	  cell	   sorting	  specificity	   [18].	  Mutations	   in	   the	  E-­‐cadherin	  
sequence	  based	  on	  the	  P-­‐cadherin	   sequence	   and	  the	  specificity	  of	   these	  mutants	  
was	   studied	   with	   the	   cell	   aggregation	   assay.	   Cells	   expressing	   E-­‐cadherin	   double	  
mutations,	  S78G	  and	  S83E	  aggregated	  with	  both	  E-­‐cadherin	  and	  with	  P-­‐cadherin	  
expressing	   cells.	   	   These	   residues	   are	   near	   the	   docked	  W2	   (Figure	   1.3	   C)	   in	   the	  
hydrophobic	  receptor	  pocket,	  and	  the	  results	  suggest	  that	  the	  amino	  acid	  changes	  
around	  W2	  affect	  cadherin	  specificity.	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Figure	  1.3:	  Structure	  of	  cadherin	  EC1	  domains	  and	  the	  strand	  dimer.	  (A)	  The	  
structure	   of	  Xenopus	   C-­‐cadherin	   EC1	   domain.	   The	   EC1	   domain	   is	   composed	   by	  
seven	   β-­‐strands	   labeled	   from	   A	   to	   G.	   (B)	   The	   structure	   of	   the	   EC1-­‐EC1	   strand	  
dimer.	  The	  W2	  on	  the	  N-­‐terminal	  end	  inserts	  into	  the	  hydrophobic	  pocket	  on	  the	  
reciprocal	   cadherin	   EC1.	   (C)	   The	   amino	   acid	   residues	   lining	   the	   W2	   binding	  
pocket.	  These	  residues	  were	  crucial	  for	  EC1	  bond	  formation [9].	  The	  structures	  of	  
(A)	  and	  (B)	  were	  generated	  using	  Visual	  Molecular	  Dynamics	  (VMD)	  [17]	  with	  pdb	  
file	  1L3W [9].	  	  (C)	  is	  adopted	  from [9]	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The	   Cadherin	   EC1	   domain	   is	   composed	   of	   seven	   β-­‐strands	   with	   two	  
opposing	  strands	  at	  the	  N-­‐	  and	  C-­‐	  termini	  (Figure	  1.3	  A).	  Its	  Greek	  key	  topology	  is	  
identical	  to	  the	  topology	  of	  the	  immunoglobulin	  domain	  [4,27].	  Figure	  1.3B	  shows	  
the	   structure	   of	   W2	   residues	   from	   opposing	   EC1	   domains	   docking	   into	   the	  
hydrophobic	  pocket	  of	  the	  adjacent	  molecule.	  This	  strand	  exchange	  was	  observed	  
in	   the	  crystal	   structures	  of	  Xenopus	  C-­‐cadherin	  EC1-­‐5	   [9],	  mouse	  N-­‐cadherin	  EC1	  
domain	   [4],	  and	  human	  E-­‐cadherin	  EC1-­‐2	   fragment	   [28].	  This	  strand	  exchange	   is	  
postulated	  to	  constitute	  the	  primary	  adhesive	  bond	  for	  all	  type	  I	  classic	  cadherins.	  
Besides	   the	   interaction	   between	  W2	   and	   the	   hydrophobic	   pocket,	   the	   E89	   side	  
chain	  is	  postulated	  to	  form	  a	  salt	  bridge	  with	  the	  amino	  terminus	  of	  the	  opposing	  
cadherin	   molecule.	   Mutations	   of	   this	   amino	   acid	   or	   the	   extension	   of	   the	   N-­‐
terminus	  substantially	  reduces	  the	  binding	  activity	  [10,29].	  	  
Type	   II	   classical	   cadherins	   may	   also	   direct	   cell	   sorting	   by	   the	   cadherin	  
subtypes	  [30].	  The	  structures	  of	  type	  II	  classical	  cadherins	  are	  similar	  to	  the	  type	  I	  
classical	  cadherin,	  except	  that	  type	  II	  classical	  cadherins	  have	  a	  second	  tryptophan	  
W4	   such	   that	   both	   W2	   and	   W4	   participate	   in	   EC1-­‐EC1	   docking	   [31].	   The	   EC1	  
domains	  of	  type	  II	  cadherins	  also	  determine	  cadherin-­‐dependent	  cell	  aggregation	  
specificity	  [31].	  	  
	  
1.3.2	  SFA	  Measurements	  of	  Cadherin	  Adhesion	  Energies	  
Surface	   Force	   Apparatus	   (SFA)	   measurements	   were	   previously	   used	   to	  
characterize	   cadherin	   adhesion	   energies	   at	   the	   molecular	   level.	   The	   instrument	  
 11 
measures	   the	   distance-­‐dependence	   of	   forces	   between	   cadherin	   ectodomains	   on	  
two	  membrane	  surfaces	  as	  a	  function	  of	  their	  separation	  distance,	  within	  ±1Å.	  [32].	  
The	  SFA	  measurements	  quantified	  the	  cadherin	  adhesion	  energies,	  which	  are	  the	  
relevant	   parameters	   in	   the	   Differential	   Adhesion	   Hypothesis.	   The	   adhesion	  
measurements	   found	   no	   clear	   energetic	   preference	   for	   homophilic	   cadherin	  
interactions	   versus	   heterophilic	   bonds	   [33].	   The	   adhesion	   energies	   also	   did	   not	  
predict	  in	  vitro	  cell	  sorting	  predictions.	  Table	  1	  lists	  the	  adhesion	  energies	  of	  EC1-­‐
dependent	   bonds	   for	   different	   cadherin	   pairs.	   The	   homophilic	   C-­‐cadherin	   bond	  
energy	  (or	  C-­‐C	  interaction,	  4.1	  kBT)	  is	  similar	  to	  the	  bond	  energy	  for	  the	  interaction	  
between	   C-­‐cadherin	   and	   N-­‐cadherin	   (or	   N-­‐C,	   3.9	   kBT).	   	   The	   energies	   of	   both	  
homophilic	  and	  heterophilic	  E-­‐cadherin	  bonds	  were	  very	  similar	  (2.5	  kBT	  for	  the	  E-­‐
E	  interaction;	  2.2	  kBT	   for	  the	  C-­‐E	   interaction;	  2.1	  kBT	  for	  the	  E-­‐N	  interaction).	  N-­‐
cadherin	   has	   a	   lower	   homophilic	   bond	   energy	   (1.0	   kBT)	   than	   heterophilic	   bonds	  
formed	  with	  either	  canine	  E-­‐cadherin	  or	  Xenopus	  C-­‐cadherin.	  	  
According	   to	   the	   differential	   adhesion	   hypothesis,	   the	   C-­‐cadherin	  
expressing	   cells	   should	   sort	   out	   from	   E-­‐cadherin	   expressing	   cells.	   At	   the	   same	  
time,	   E-­‐cadherin	   expressing	   cells	   should	   aggregate	   with	   N-­‐cadherin	   expressing	  
cells,	   and	   the	   C-­‐cadherin	   expressing	   cells	   should	   also	   intermix	   with	   N-­‐cadherin	  
expressing	  cells	  (Table	  1.2).	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Table	   1.2:	   Bond	   energies	   of	   EC1	   bonds	   for	   different	   cadherin	   pairs	   and	  
predicted	  sorting	  outcomes,	  based	  on	  the	  DAH	  
	  
Cadherin	  pair	   Bond	  energy	  (kBT)	   Predicted	  Sorting	  
Behavior	  
C-­‐cad/C-­‐cad	   4.1	   Mixed	  
E-­‐cad/E-­‐cad	   2.5	   Mixed	  
N-­‐cad/N-­‐cad	   1.0	   Mixed	  
C-­‐cad/E-­‐cad	   2.2	   Sort	  out	  
E-­‐cad/N-­‐cad	   2.1	   Mixed	  
N-­‐cad/C-­‐cad	   3.9	   Mixed	  
	  
Bond	  energy	  data	  are	  from	  SFA	  measurement	  [33]	  
	  
In	  addition	  to	  the	  formation	  of	  the	  EC1-­‐EC1	  bonds,	  the	  SFA	  measurements	  
also	  identified	  additional	  domain	  interactions	  [11,34].	  	  Sivasankar	  et	  al.	  [11]	  showed	  
that	  cadherins	  form	  three,	  distinct	  adhesive	  bonds.	  In	  later	  studies,	  Zhu	  et	  al.	  [12]	  
mapped	  a	  second,	  stronger	  bond	  to	  the	  third	  EC	  domain	  (EC3).	  These	  findings	  are	  
supported	   by	   atomic	   force	   microscopy	   studies,	   which	   also	   identified	   multiple	  
cadherin	   binding	   interactions	   [15].	   Together	   these	   findings	   suggest	   that	   the	  
structure-­‐based	  model	  of	  mutual	  strand	  exchange	  model	  does	  fully	  not	  capture	  the	  
complexity	  of	  cadherin	  interactions.	  	  
	  
1.3.3	   Other	   Biophysical	   Characterizations	   of	   Cadherin	  
Ectodomain	  Binding	  
Other	  measurements	  of	  EC1-­‐dependent	  bond	  energies	  came	  from	  analytical	  
ultracentrifugation	  (AUG)	  and	  surface	  plasmon	  resonance	  (SPR)	  measurements	  of	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the	   N-­‐terminal	   EC12	   fragments	   [35].	   The	   dissociation	   constant	   for	   mouse	   N-­‐
cadherin	   is	   25.8+1.5	  µM,	  and	   for	  Human	  E-­‐cadherin	   it	   is	   96.5+10.6	  µM.	  The	  N-­‐E	  
bond	   energy	   is	   intermediate.	   Calculations	   based	   on	   the	   DAH	   agreed	   with	   the	  
results	  of	  cell	  aggregation	  assay.	  However,	  in	  the	  SFA	  measurement,	  the	  canine	  E-­‐
cadherin	  bond	  was	  stronger	  than	  the	  N-­‐cadherin	  bond.	  The	  difference	  may	  be	  due	  
to	   species	   dependent	   on	   the	   sequence	   different	   for	   cadherins.	   Importantly,	  
however,	  the	  EC1-­‐2	  fragment,	  instead	  of	  EC1-­‐5	  fragment	  was	  used	  in	  the	  AUG	  and	  
SPR	  measurements.	  Prior	  measurements	  show	  that	   this	   fragment	   is	   less	  adhesive	  
than	   the	   full-­‐length	   ectodomain[13].	   Besides,	  more	   than	   one	   binding	   state	   were	  
determined	   in	  SFA	  by	  using	  Ec1-­‐5	   fragments,	  and	  only	  one	  binding	   interaction	   is	  
possible	  with	  EC12	  fragment[14].	  	  
	  
1.4	   Cytoplasmic	   Domain	   Interactions:	   Signaling	   and	  
Regulation	  of	  Cytoskeletal	  Organization	  
	   In	   addition	   to	   cell	   adhesion	   mediated	   by	   the	   extracellular	   domains,	  
cadherins	   also	   regulate	   cell	   functions	   through	   signaling.	   	   In	   particular,	   GTPase	  
activation	   regulates	   cytoskeletal	   organization	   and	   possible	   membrane	   tension.	  	  
The	   following	   sections	   describe	   mechanisms	   by	   which	   cadherins	   influence	   the	  
organizational	  state	  of	  the	  actin	  cytoskeleton.	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1.4.1	  Catenin	  and	  Cytoskeleton	  Regulation	  
The	  cytoplasmic	  domain	  of	  cadherin	  is	  responsible	  for	  signal	  transduction.	  
The	  juxamembrane	  region	  binds	  to	  p120	  catenin	  and	  the	  distal	  region	  binds	  to	  β-­‐
catenin	   (Figure	   1).	   β-­‐catenin	   binds	   to	   cadherin	   when	   cadherin	   is	   still	   in	  
endoplasmic	   reticulum	   (ER)	   and	  protects	   cadherin	   from	  proteolysis	  by	   shielding	  
the	   PEST	   sequence,	   which	   binds	   to	   ubiquitin	   ligase	   [36,37].	   β-­‐catenin	   is	  
transported	  to	   the	  membrane	  with	   the	  cadherin	  molecule.	  This	  complex	  recruits	  
α-­‐catenin	   to	   the	  membrane.	   	   A	   long-­‐held	   view	  was	   that	  α-­‐catenin	  mechanically	  
links	   cadherin	   to	   the	   actin	   cytoskeleton	   by	   binding	   actin	   and	   β-­‐catenin	  
simultaneously	   [2,38].	   	   An	   alternative	  model	   was	   proposed	   recently,	   based	   on	   a	  
series	   of	   biochemical	   measurements	   [39,40].	   The	   latter	   studies	   showed	   that	   α-­‐
catenin	   exists	   as	   either	   a	   monomer	   or	   a	   dimer.	   	   The	   monomer	   can	   bind	   to	   β-­‐
catenin.	  The	  dimer	   form	  binds	   to	   actin	   and	   inhibits	   the	  Arp2/3	  dependent	   actin	  
branching	   to	   promote	   actin	   filament	   bundling	   [39-­‐41].	   	   Measurements	   suggest,	  
however,	   that	  α-­‐catenin	   may	   not	   be	   able	   to	   simultaneously	   bind	   β-­‐catenin	   and	  
actin.	   Nelson	   and	   Weis	   postulated	   that	   cadherin	   binding	   induces	   cadherin	  
clustering [41].	   High	   local	   concentrations	   of	   β-­‐catenin	   would	   recruit	   more	   α-­‐
catenin	   from	   the	   cytoplasmic	   pool.	   The	   cytoplasmic α-­‐catenin	   is	   postulated	   to	  
bind	   to	   the	  Arp2/3	   complex	   and	   prevents	   actin	   binding	   to	  Arp2/3.	   This	   cascade	  
would	   inhibit	  actin	  branching	  and	  promote	  F-­‐actin	  bundling	  at	   sites	  of	  cadherin	  
adhesion.	  On	  the	  other	  hand,	  Kamentani	  et	  al. used	  fluorescence	  proteins	  to	  trace	  
cadherin	  and	  F-­‐actin	   inside	  cells	  and	   found	  that	  F-­‐actin	  move	  with	  cadherin[42].	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This	  implied	  a	  direct	  linkage	  between	  these	  two	  proteins. Recent	  data	  suggest	  that	  
EPLIN	   links	   actin	   to	   cadherin	   through	  α-­‐catenin	   [43].	  The	   exact	  mechanisms	  by	  
which	  cadherin	  regulate	  actin	  organization	  are	  nevertheless	  still	  not	  clear.	  	  	  
The	  p120	  catenin	  can	  stabilize	  the	  cadherin	  adhesion	  and	  prevent	  cadherin	  
endocytosis	   [44,45].	   p120	   also	   appears	   to	   function	   as	   a	   master	   regulator	   of	   Rho	  
family	  GTPases	  such	  as	  RhoA	  and	  Rac1	  through	  its	  effector	  p190RhoGAP[45].	  The	  
p190RhoGAP	   is	   an	   inhibitor	  of	  RhoA	  activation.	  Rac1	   and	  RhoA	  antagonize	   each	  
other	   through	  the	  Bar-­‐Sagi	  pathway	  [46],	   so	  p120	  can	  also	  activate	  Rac1	  signaling	  
[45].	  The	  Rho	  family	  GTPase	  regulates	  actin	  polymerization	  inside	  cells	  (Figure	  1.5)	  
[47],	   and	   can	   thereby	   influence	   a	   variety	  of	   cell	   properties,	   including	  membrane	  
tension,	  expansion	  of	  cell-­‐cell	  contact	  and	  cell	  motility.	  	  	  
	  
1.4.2	   GTPase	   Signaling	   and	   Cytoskeleton	   Regulation	   at	  
Cadherin	  Junction	  
The	  Rho	   family	  GTPases	   regulate	   cell	   signaling	   by	   switching	   between	   the	  
active	   GTP-­‐bound	   forms	   and	   inactive	   GDP-­‐bound	   forms.	   Guanine	   nucleotide	  
exchange	   factors	   (GEFs)	   activate	   the	   GDP-­‐bound	   GTPase	   by	   catalyzing	   the	  
exchange	  of	  GDP	  to	  GTP.	  On	  the	  other	  hand,	  GTPase-­‐activating	  proteins	   (GAPs)	  
inactivate	   the	  GTP-­‐bound	  GTPase	  by	  activating	   the	  GTPase	  activity	   to	  hydrolyze	  
GTP	   to	   GDP.	   The	   other	   regulator,	   guanine	   nucleotide	   dissociation	   inhibitors	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(GDIs)	   inhibit	   the	   activation	   of	   GTPases	   by	   preventing	   the	   dissociation	   of	   GDP	  
from	  the	  GTPase	  (Figure	  1.4)[48].	  
	  
Figure	  1.4:	  Regulation	  of	  Rho	  GTPase.	  The	  GTP	  bound	  Rho	  activates	  the	  down	  
stream	  effectors.	  RhoGAP	  activates	  the	  GTPase	  activity	  of	  Rho	  to	  hydrolyze	  GTP	  to	  
GDP	  and	  inactivate	  Rho.	  RhoGDI	  further	  inhibits	  Rho	  by	  preventing	  exchange	  of	  
GDP	  to	  GTP.	  The	  Rho	  GEF	  activates	  Rho	  by	  exchanging	  GTP	  to	  GDP.	  This	  figure	  is	  
modified	  from	  [49].	  
	  
Rho	   family	   GTPases	   are	   cytoskeletal	   regulatory	   proteins.	   Twenty-­‐two	  
mammalian	  genes	  are	  described	  to	  encode	  the	  Rho	  GTPases [47].	  There	  are	  three	  
Rho	  isoforms	  A,	  B	  and	  C;	  three	  Rac1	  isoforms	  1,	  2	  and	  3.	  Rho	  activation	  promotes	  
assembly	  of	   contractile	   actin-­‐myosin	   filaments	   and	  activates	   formins	   to	  promote	  
linear	   elongation	   of	   actin	   filament.	   Rho	   also	   promotes	   the	   formation	   of	   focal	  
adhesions,	   stress	   fiber	   formation	   and	   cell	   proliferation.	   Rac	   and	   Cdc42	   promote	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actin	   branching	   and	   polymerization	   through	   members	   of	   Wiskott-­‐Aldrich	  
syndrome	   protein	   (WASP)	   family	   to	   activate	   Arp2/3.	   A	   consequence	   of	   Rac	   and	  
Cdc42	   activation	   is	   the	   formation	   of	   protrusive	   actin-­‐rich	   lamellipodia	   and	  
filopodia	   respectively.	  Rac1	   also	   enhances	   cell	   spreading,	  membrane	   ruffling,	   cell	  
migration	  and	  actin	  assembly	  at	  the	  cell-­‐cell	  contacts	  [48,49].	  	  	  
Cadherin	   adhesion	   activates	   the	   Rho	   GTPase	   signaling	   through	   both	   β-­‐
catenin	   and	   p120	   [49].	   In	   fibroblast,	   the	   p120	   catenin	   inhibits	   RhoA	   and	   up-­‐
regulates	   Rac1	   through	   the	   interaction	   with	   p190RhoGAP	   as	   mention	   before	  
(Figure	   1.5)	   [45].	   β-­‐catenin	   up-­‐regulate	   the	   Rac1	   activity	   through	  
phosphatidylinositol	   3-­‐kinase	   (PI3K).	   PI3K	   activates	   Rac1	  by	   Rac1	  GEF	   [49].	   	   The	  
reactive	  oxygen	   species	   (ROS)	  generated	  by	  Rac1	   activation	   could	   in	   turn	   inhibit	  
low	   molecular	   weight	   protein	   tyrosine	   phosphatase	   (LMN-­‐PTP)	   and	   activate	  
p190RhoGAP	   phosphorylation.	   The	   phosphorylated	   p190RhoGTP	   is	   recruited	   to	  
the	  adhesion	  site	  by	  p120	  and	  inhibits	  RhoA	  activity	  (Figure	  1.5) [45,50].	  	  
Cadherin	   ligation	   could	   activate	   different	   RhoGTPases,	   depending	   on	  
cadherin	   subtypes.	   Homophilic	   C-­‐cadherin	   and	   E-­‐cadherin	   ligation	   reportedly	  
activates	  Rac1	  [51]	  ,while	  other	  reports	  suggest	  that	  homophilic	  N-­‐cadherin	  ligation	  
up-­‐regulates	   RhoA-­‐GTP	   and	   suppresses	   Rac1	   activity	   [3,51,52].	   There	   is	   also	  
evidence	  that	  cadherin	  activation	  of	  Rac1	  and	  Cdc42	  can	  also	  enhance	  E-­‐cadherin	  
adhesive	  activity	  [49].	  One	  of	  the	  Rho	  GTPase	  effectors,	  IQGAP,	  interacts	  with	  β-­‐
catenin	  to	  induce	  α-­‐catenin	  dissociation	  from	  the	  cadherin-­‐catenin	  complex.	  This	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leads	   to	   the	   disruption	   of	   the	   adhesion	   site.	   Activated	   Rac1	   and	   Cdc42	   bind	   to	  
IQGAP	  and	  release	  β-­‐catenin	  from	  IQGAO	  inhibition.	  	  
	  
	  
	  
	  
Figure	  1.5:	  Regulation	  of	  Rac	  and	  Rho	  activity	  by	  cadherin	  ligation.	  Cadherin	  
adhesion	   activates	   downstream	   signaling	   through	   both	   p120	   and	   β-­‐catenin.	   β-­‐
catenin	   activates	   Rac1	   signaling	   through	   PI3K.	   The	  ROS	   generated	   by	   active	  Rac	  
inhibits	   the	   phosphatase	   LMN-­‐PTP	   and	   promote	   p190RhoGAP	   phosphorylation.	  
The	   active	   p190RhoGAP	   is	   recruit	   to	   the	   adhesive	   site	   by	   p120	   and	   inhibits	   Rho	  
activity.	  	  The	  figure	  is	  modified	  from [50].	  
	  
In	  addition	  to	  differences	  between	  homophilic	  binding	  and	  Rac	  activation	  
by	   different	   cadherins,	   Lee	   showed	   that	   the	   Rac	   activation	   also	   depends	   on	   the	  
identity	   of	   the	   cadherin	   ligand	   on	   the	   opposing	   surfaces	   (or	   cells) [53].	   Initial	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results	   indicated	   that	   the	   Rac1	   activity	   depends	   on	   both	   the	   cadherin	   subtypes	  
expressed	   on	   the	   CHO	   cells	   and	   on	   the	   cadherin	   subtype	   ligand	   on	   the	   coated	  
surface.	   Homophilic	   E-­‐cadherin	   ligation	   activates	   significant	   Rc1-­‐GTP,	   but	  more	  
investigations	   are	   needed	   to	   determine	   the	   connections	   between	   cadherin	  
identities,	  bond	  parameters,	  and	  intracellular	  signaling.	  	  
Rac1	   activation	   following	   cadherin	   ligation	   is	   transient,	   with	   the	   Rac1	  
activity	   peaking	   at	   45	   minutes,	   and	   then	   declining	   to	   baseline	   levels	   after	   60	  
minutes [51].	  This	  was	  demonstrated	  with	  cadherin	  expressing	  CHO	  cells	  attached	  
to	  cadherin-­‐	  coated	   surfaces [53].	  The	  Rac1	  activity	   transients	  may	  correlate	  with	  
the	   maturation	   of	   the	   adhesion	   site.	   	   Since	   the	   Rho	   GTPase	   regulates	   the	  
reorganization	   of	   the	   actin	   cytoskeleton,	   these	   changes	   may	   also	   contribute	   to	  
changes	   of	   membrane	   tension.	   However,	   the	   connections	   between	   cadherin	  
binding	   specificity,	   intracellular	   signaling,	   and	   consequent	   changes	   in	   cell	  
behaviors	  such	  as	  cell	  sorting	  or	  differentiation	  have	  yet	  to	  be	  established.	  	  
	  
1.5	  Questions	  Addressed	  in	  this	  Thesis	  
The	   work	   described	   in	   this	   thesis	   addresses	   fundamental	   questions	  
concerning	  the	  mechanisms	  underlying	  cadherin	  mediated	  cell-­‐cell	  adhesion	  and	  
the	  structural	  basis	  of	  cadherin	  binding	  specificity.	  This	  work	  is	  divided	  into	  three	  
parts.	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Chapter	   2	   addresses	   biophysical	   mechanisms	   of	   cadherin-­‐mediated	  
intercellular	  binding.	  I	  used	  the	  micropipette	  manipulation	  technique	  to	  study	  the	  
kinetics	   and	   affinities	   of	   cadherin-­‐mediated	   cell	   adhesion.	   As	  mentioned	   before,	  
previous	   biophysical	   measurements	   use	   soluble,	   recombinant	   cadherin	  
ectodomains	   to	   characterize	   the	   cadherin	   bonds.	   The	  methods	   described	   in	   this	  
work	  enabled	  me	  to	  quantify	  the	  kinetics	  of	  binding	  between	  cadherin	  expressing	  
CHO	   cells.	   And	   since	   cadherins	   can	   interact	   through	  multiple,	   different	   bonds,	  
this	  approach	  enabled	  me	  to	  determine	  how	  each	  binding	  interaction	  contributes	  
to	  cadherin-­‐mediated	  adhesion.	   In	  addition	  to	  quantifying	  biophysical	  properties	  
of	  cadherin	  bonds	  on	  living	  cells,	  my	  work	  identified	  novel	  kinetic	  signatures	  that	  
map	   to	   distinct	   structural	   regions	   of	   the	   protein.	   By	   analyzing	   the	   time-­‐
dependence	   of	   the	   EC1-­‐EC1	   binding	   step,	   I	   extracted	   the	   affinities	   and	   the	  
dissociation	  constant	  for	  this	  EC1-­‐dependent	  binding	  step.	  
Chapter	  3	  quantifies	  the	  affinity	  and	  kinetic	  differences	  between	  homophilic	  
and	   heterophilic	   bonds	   that	   may	   contribute	   to	   cadherin-­‐dependent	   cell	   sorting	  
specificities.	  With	   the	  micropipette	  manipulation	  method,	   I	  measured	   the	   bond	  
properties	  of	  canine	  E-­‐cadherin,	  chicken	  N-­‐cadherin	  and	  Xenopus	  C-­‐cadherin,	  and	  
compared	  these	  parameters	  with	   in	   vitro	   cell	   sorting	  and	  cell	  aggregation	   results	  
These	  biophysical	  properties	  then	  compared	  with	  Rac1-­‐GTP	  activation	  by	  cadherin	  
ligation.	  
In	   Chapter	   4,	   the	   structural	   origin	   of	   cadherin	   binding	   differences	   was	  
investigated	   with	   three	   different	   C-­‐cadherin	   mutants.	   	   These	   mutations	   were	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selected	  on	  the	  basis	  of	  the	  structure	  and	  sequence	  differences	  between	  C-­‐	  and	  N-­‐
cadherin.	   This	   protein	   pair	   supported	   cell	   segregation	   in	   in	   vitro	   assays.	   I	  
demonstrate	   that	   mutations	   lining	   the	   W2	   binding	   pocket	   have	   a	   substantial	  
impact	   on	   both	   the	   cadherin	   affinity	   and	   cell	   sorting.	   In	   particular,	   the	   S78A	  
mutation	   in	  C-­‐cadherin	   decreased	   the	   affinity	   five	   fold	   and	   switched	   the	   sorting	  
specificity	  of	  the	  C-­‐cadherin	  scaffold	  from	  C-­‐cadherin	  to	  N-­‐cadherin-­‐like	  behavior.	  	  
I	   further	   demonstrate,	   for	   the	   first	   time,	   that	   these	   affinity	   differences	   are	   not	  
confined	   to	   the	   extracellular	   domains	   and	   cell	   surface	   adhesion	   energies,	   but	  
translate	   to	   quantitative	   differences	   in	   intracellular	   signaling	   that	   correlate	  
qualitatively	  with	  the	  relative	  affinities.	  	  
Finally,	   Chapter	   5	   discusses	   the	   significance	   of	   these	   findings	   as	   well	   as	  
future	   studies	   that	   address	   remaining	   questions	   and	   that	   could	   also	   expand	   the	  
impact	  of	  this	  work.	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Chapter	  2	  
	  
Cadherin	  Bond	  Properties	  
	  
2.1	  Introduction	  
	  
2.1.1	  Previous	  Biophysical	  Studies	  of	  Cadherin	  Bonds	  	  
Several	   approaches	   have	   been	   used	   to	   investigate	   cadherin	   recognition,	  
binding,	  and	  signal	  transduction.	  Sequence	  exchange	  and	  cell	  aggregation	  studies	  
mapped	   the	   specificity-­‐determining	   region	   to	   the	   first	   extracellular	   domain	   EC1 
[18].	  For	  this	  reason,	  this	  domain	  has	  been	  the	  focus	  of	  the	  majority	  of	  mechanistic	  
studies	  of	  cadherin	  adhesion	  and	  binding	  specificity.	  In	  the	  crystal	  structure	  of	  the	  
soluble	   N-­‐terminal	   domain	   (EC1)	   of	   neural	   cadherin,	   the	   Trp2	   (W2)	   residue	   was	  
docked	  in	  a	  hydrophobic	  pocket	  of	  the	  adjacent	  EC1	  domain	  [54].	  This	  reciprocal	  
Trp2	  exchange	  is	  referred	  to	  as	  a	  “strand	  dimer.”	  The	  structure	  of	  the	  ectodomain	  
of	   Xenopus	   cleavage	   stage	   cadherin	   (C-­‐cadherin)	   similarly	   exhibited	   this	   Trp2	  
exchange,	  but	  between	  anti-­‐parallel	  EC1	  domains	  [9].	  Electron	  tomography	  images	  
of	   desmosomal	   cadherins	   in	   mouse	   epidermis	   also	   suggested	   that	   similar	  
interactions	   form	   in	   tissue,	   although	   the	   images	   contain	   a	  wide	   variety	   of	   other	  
configurations	  and	  possible	  interactions	  [55].	  Studies	  showing	  that	  W2A	  and	  W2G	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mutations	   eliminate	   cell	   adhesion,	   also	   suggest	   that	   the	   docked	  W2	   side	   chain	  
forms	  the	  sole	  adhesive	  interface	  [56,57].	  
Other	   biophysical	  measurements,	   however,	   identified	   additional	   cadherin	  
bonds,	  which	  involve	  other	  regions	  of	  the	  cadherin	  ectodomain	  than	  EC1.	  Surface	  
force	   measurements	   first	   identified	   additional	   domain	   interactions	   [11,34].	   In	  
addition	   to	   adhesion	   between	   EC1	   domains,	   Zhu	   et	   al.	   [12]	   mapped	   a	   second,	  
stronger	   bond	   to	   the	   third	   EC	   domain	   (EC3).	   Other	   classical	   cadherins	   exhibit	  
similar	   behavior	   [33].	   Cell	   adhesion	   studies	   using	   flow	   assays	   also	   implicated	  
additional	   domains	   in	   adhesion	   [13].	   Similar	   to	   the	   surface	   force	  measurements,	  
single	   bond	   rupture	   measurements	   demonstrated	   that	   the	   outer	   EC12	   fragment	  
forms	  two	  relatively	  weak	  bonds	  with	  fast	  dissociation	  kinetics [58].	  However,	  the	  
full-­‐length	   extracellular	   fragment	   EC1–5	   forms	   two	   stronger	   bonds	   with	   slow	  
dissociation	  kinetics,	  in	  addition	  to	  the	  weak,	  fast	  EC12	  bonds [14].	  The	  population	  
of	   strong	  bonds	   also	   increases	   at	   the	   expense	  of	   the	  weak	  bonds	  with	   increasing	  
protein	   contact	   times [58].	  These	   findings	   are	   not	   consistent	  with	   a	   simple,	   one	  
site	  binding	  mechanism.	  
A	   recent	   proposal	   that	   W2	   is	   an	   allosteric	   regulator	   of	   global	   cadherin	  
adhesive	  activity	  may	  reconcile	   the	  multi-­‐bond	  model	  with	   the	  Trp2	   requirement	  
for	  adhesion.	  Prakasam	  et	  al.	  [59]	  showed	  that	  the	  W2A	  mutation	  both	  abrogates	  
the	   weak	   EC12-­‐mediated	   bond	   and	   substantially	   attenuates	   the	   strong,	   EC3-­‐
dependent	   binding.	   Tsuji	   et	   al.	   [60]	   similarly	   reported	   weak	   residual	   binding	  
between	   ectodomain	   dimmers	   with	   the	   W2A	   mutation,	   and	   showed	   that	   this	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mutation	  disrupts	  lateral	  C-­‐cadherin	  dimmers	  on	  the	  cell	  surface.	  Prakasam	  et	  al.	  
[59]	   postulated	   that	  W2	  mediates	   the	   EC1	   bond	   and	   allosterically	   regulates	   the	  
activity	  of	  other	  domains,	  e.g.	  EC3	  in	  the	  extracellular	  segment.	  Nevertheless,	  the	  
translation	  of	  these	  force	  measurements	  at	  the	  molecular	  level	  to	  adhesion	  at	  the	  
cell	  level	  has	  not	  yet	  been	  demonstrated.	  
Quantitative	  biophysical	  studies	  of	  cadherins	  have	  been	  based	  primarily	  on	  
measurements	  of	  soluble,	  cadherin	  extracellular	  domains [4,9,11,18,34,58,59,61-­‐65].	  
The	   underlying	   assumption	   that	   the	   truncated,	   soluble	   ectodomain	   accurately	  
models	   the	   full-­‐length,	   membrane-­‐bound	   protein	   is	   untested.	   In	   the	   case	   of	  
integrins,	   for	   example,	   allosteric	   coupling	   between	   the	   cytoplasmic	   and	  
extracellular	  regions	  under	  lies	  outside-­‐in	  and	  inside-­‐out	  signaling [66-­‐68].	  This	  is	  
decoupled	   in	   soluble	   fragments,	   so	   that	  mutations	   are	   required	   to	   lock-­‐in	   either	  
the	  active	  or	  inactive	   integrin	  configuration	  [67,69,70].	  There	  is	  also	  evidence	   for	  
inside-­‐out	  signaling	  in	  the	  cadherin	  family.	  In	  Xenopus	  embryos,	  chemokines	  can	  
activate	   cleavage	   stage	   cadherin,	   independent	   of	   changes	   in	   cadherin	   expression	  
[71,72].	  Src	  kinase	  activation	  correlates	  with	  the	  disruption	  of	  (cadherin-­‐mediated)	  
cell-­‐cell	   junctions	   [73,74].	   Apparent	   differences	   between	   adhesion	   by	   soluble	  
ectodomains	  and	  membrane-­‐bound	  cadherin	  also	  suggest	  some	  influence	  from	  the	  
cytoplasmic	  domain	  [75].	  There	  is,	  however,	  no	  direct	  comparison	  of	  the	  binding	  
properties	  of	  soluble,	  recombinant,	  and	  membrane-­‐bound	  cadherin.	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2.1.2	  Micropipette	  Manipulation	  Method	  
Only	   a	   few	   techniques	   allow	   quantitative	   comparisons	   between	  
recombinant,	   soluble	   proteins,	   and	   the	   cell	   surface	   forms.	   Comparing	   the	  
trajectories	  of	  cells	  in	  flow	  chambers	  with	  those	  of	  protein-­‐decorated	  beads	  could	  
test	  this	  [76-­‐78].	  One	  could	  also	  compare	  the	  bond	  rupture	  forces	  between	  soluble	  
ectodomains [58]	  with	  those	  between	  soluble	  ectodomains	  and	  membrane-­‐bound	  
cadherin [75].	  
Such	   comparisons	   are	   possible	   with	   the	   micropipette	   manipulation	  
technique,	   which	   quantifies	   binding	   between	   individual	   cell	   pairs	   bearing	  
complementary	   receptors	   and	   ligands	   [79,80].	   Live	   cells	   with	   surface-­‐bound	  
receptors	  and	  ligands	  are	  aspirated	  into	  opposite	  micropipettes,	  and	  brought	  into	  
contact	  for	  a	  defined	  period.	  Typically,	  at	   least	  one	  of	  the	  cells	   is	  a	  red	  blood	  cell	  
(RBC).	  Adhesion	  causes	  the	  RBC	  to	  distort	  during	  separation,	  and	  to	  then	  recoil	  at	  
bond	  rupture.	  The	  RBC	  distortion	  gives	  the	  adhesion	  strength [80].	  Alternatively,	  
the	  kinetic	   rates	   and	   two-­‐dimensional	   affinities	  of	   the	   receptor-­‐ligand	  bonds	   are	  
quantified	  from	  the	  dependence	  of	  the	  binding	  probability	  on	  the	  cell	  contact	  time	  
[79].	  The	  binding	  probability	  is	  the	  number	  of	  detected	  binding	  events	  divided	  by	  
the	   total	  number	  of	  cell-­‐cell	  contacts.	  Because	   these	  micropipette	  measurements	  
are	  also	  used	  to	  quantify	   the	  binding	  kinetics	  between	  soluble	  protein	   fragments	  
immobilized	  on	  RBCs,	   they	   enable	  quantitative	   comparisons	  of	   the	  properties	  of	  
recombinant	   proteins	   with	   their	   membrane	   bound	   forms.	   Micropipette	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measurements	   have	   been	   used	   to	   study	   interactions	   between	   Fcγ	   receptors,	  
selectins,	  integrins,	  and	  CD8	  with	  their	  respective	  receptors	  [79,81-­‐87].	  
Here,	   we	   describe	   micropipette	   measurements	   of	   the	   pre-­‐steady	   state	  
kinetics	  of	  intercellular	  adhesion	  mediated	  by	  Xenopus	  C-­‐cadherin.	  Measurements	  
of	   the	   time	   evolution	   of	   the	   binding	   probability	   exhibit	   complex	   kinetics	  
characterized	  by	   a	   fast,	   low	  probability	  binding	   state	   and	  a	   slower	   forming,	  high	  
probability	   binding	   state.	   This	   kinetic	   behavior	   contrasts	   with	   the	   simple,	  
monophasic	   rise	   to	   a	   limiting	   binding	   probability,	   predicted	   by	   a	   single-­‐site	  
binding	  model.	   Studies	   with	   isolated	   extracellular	   domains	   tested	   the	   impact	   of	  
the	   cytoplasmic	   domain	   on	   the	   cadherin	   binding	   dynamics.	   In	   addition,	   by	  
deleting	  either	  the	  EC3	  or	  EC3–5	  domains	  we	  identified	  protein	  segments	  required	  
for	   this	   complex	   kinetic	   behavior.	   The	   biphasic	   kinetics	   exhibited	   by	   the	   full-­‐
length	  extracellular	  region	  directly	  parallels	  prior	  biophysical	  studies,	  and	  confirms	  
that	   the	   nanomechanical	   properties	   of	   the	   recombinant	   cadherin	   ectodomain	  
govern	  the	  initial	  dynamics	  of	  cell-­‐cell	  contact	  formation.	  
	  
2.2	  Materials	  and	  Methods	  
	  
2.2.1	  Cell	  lines,	  Proteins	  and	  Plasmids	  
The	   pEE14	   plasmid	   containing	   the	   full	   length	  Xenopus	   C-­‐cadherin	   cDNA,	  
the	   pEE14	   plasmid	   containing	   the	   cDNA	   encoding	   the	   hexahistidine-­‐tagged	   C-­‐
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cadherin	   extracellular	   domain	   with	   the	   W2A	   mutation,	   and	   the	   CHO	   cell	   line	  
expressing	   the	   full-­‐length	   C-­‐cadherin	   with	   the	   W2A	   mutation	   [60]	   were	  
generously	  provided	  by	  B.	  Gumbiner	  (University	  of	  Virginia).	  	  	  
To	  generate	   cell	   lines	   expressing	  W2A	  mutant	  of	   soluble	  CEC1-­‐5-­‐His6	   and	  
the	  full	  length	  C-­‐cadherin,	  CHO-­‐K1	  cells	  were	  stably	  transfected	  with	  the	  plasmids	  
encoding	   the	   different	   C-­‐cadherin	   constructs.	   Cells	   were	   transfected	   using	  
Lipofectamine	   2000,	   according	   to	   the	   manufacturer’s	   protocols	   (Invitrogen,	  
Carlsbad,	   CA).	   The	   cells	  were	   cultured	   in	  Glasgow	  MEM	  medium	   supplemented	  
with	   10%	   dialyzed	   fetal	   calf	   serum	   (FCS),	   and	   selected	   with	   25	  mM	  methionine	  
sulfoximine	   (MSX)	   as	   described [13].	   For	   the	   secreted	   proteins,	   the	   clone	   with	  
highest	  protein	  production	  rate	  was	  identified	  by	  Western	  blot	  assay.	  The	  mouse	  
monoclonal	  anti-­‐His	  antibody	  (Upstate,	  Charlottesville,	  VA)	  and	  goat	  anti-­‐mouse	  
HRP	  conjugated	  antibody	  (Santa	  Cruz	  biotechnology,	  Santa	  Cruz,	  CA)	  were	  used	  
to	   detected	   the	   protein.	   	   The	   full-­‐length	   cadherins	   and	   its	  W2Amutants	   on	   the	  
CHO	  cells	  were	  also	  accessed	  by	  Western-­‐blot	  assay	  with	  anti-­‐C-­‐cadherin	  antibody	  
and	  mouse	  anti-­‐goat	  HRP	  conjugated	  antibody	  (Santa	  Cruz	  biotechnology,	  Santa	  
Cruz,	  CA).	  The	  exact	  expression	  levels	  of	  the	  W2A	  and	  wt	  Cadherin	  on	  CHO	  cells	  
were	  determined	  by	  fluorescence	  activated	  cell	  sorting.	  
Prior	  to	  the	  micropipette	  experiment,	  the	  cells	  were	  detached	  from	  the	  flask	  
with	  Hank’s	  Balanced	  Salt	  Solution	  (HBSS)	  (Invitrogen,	  Carlsbad,	  CA),	  with	  0.01%	  
trypsin	   and	   1	  mM	  CaCl2	   for	   15	  minutes [5].	  The	   cells	   are	   incubated	   in	  phosphate	  
buffered	  saline	  (PBS)	  with	  5	  mM	  EDTA	  and	  1%	  bovine	  serum	  albumin	  (BSA)	  at	  4	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oC	   for	   at	   least	   30	  minutes.	   These	   cells	   are	   used	   in	  micropipette	   assays	  within	   12	  
hours.	  	  Prior	  to	  use,	  the	  EDTA	  was	  removed	  and	  replaced	  with	  2	  mM	  Ca2+.	  	  
The	   production	   and	   purification	   of	   the	   soluble	   C-­‐cadherin	   extracellular	  
domain	  deletion	  mutants	  EC1245-­‐Fc	  and	  EC12-­‐Fc,	  CEC1-­‐5-­‐His6,	  and	  W2A	  CEC1-­‐5-­‐
His6	  are	  described	  elsewhere [12,13].	  The	  protein	  purity	  was	  assessed	  by	  SDS-­‐PAGE.	  
The	   aggregation	   activity	   of	   each	   proteins	   are	   further	   characterized	   by	   bead	  
aggregation	  assay [59].	  	  
	  
2.2.2	  Coupling	  C-­‐cadherin	  Fragments	  to	  Red	  Blood	  Cells	  
(RBCs)	  
The	  monoclonal	  anti-­‐6	  x	  His	  (Upstate,	  Charlottesville,	  VA)	  or	  anti-­‐Human	  
Immunoglobin	  G	  Fc	  domain	  antibodies	  (Sigma-­‐Aldrich,	  St.	  Louis,	  MO)	  were	  used	  
to	  immobilize	  cadherin	  on	  the	  erythrocyte	  surface.	  The	  antibodies	  were	  attached	  
to	  red	  blood	  cell	  surfaces	  with	  CrCl3	  coupling	  chemistry	  [88,89].	  The	  erythrocytes	  
were	  obtained	  from	  the	  peripheral	  blood	  of	  a	  healthy	  donor,	  which	  was	  collected	  
in	   sterile	   Vacutainers	   (BD	   Biosciences,	   San	   Jose,	   CA)	   containing	   EDTA.	   After	  
centrifugation,	   the	   RBCs	   were	   collected	   and	   washed	   with	   0.9%	   NaCl,	   and	   then	  
dissolved	  in	  red	  blood	  cell	  storage	  solution	  EAS	  45	  [90].	  About	  108	  red	  blood	  cells	  
(in	  100	  µl	  EAS	  45)	  were	  collected	  for	  the	  CrCl3	  coupling	  reaction.	  The	  cells	  were	  re-­‐
dissolved	   in	   250	  µl	   saline	   (0.85	  %	  NaCl,	  w/v).	   To	   these	   cells,	  were	   added	   250	  µl	  
CrCl3	   solution	   (in	   0.02	   M	   acetate	   and	   0.85	   %	   NaCl,	   w/v)	   to	   give	   different	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concentrations	   of	   CrCl3	   (<0.001	   %,	   w/v)	   in	   order	   to	   titrate	   the	   reaction.	   After	   5	  
minutes,	  the	  reaction	  was	  stopped	  by	  adding	  500	  µl	  PBS	  containing	  0.5	  mM	  EDTA	  
and	   1%	  BSA	  to	   the	  reaction	  mixture.	   In	  order	   to	   immobilize	   the	  antibody	  on	  the	  
activated	  red	  cell	  surface,	  1	  µg	  mouse	  monoclonal	  anti-­‐His6	  antibody	  or	  1	  µg	  mouse	  
monoclonal	  anti-­‐human	  Fc	  antibody	  was	  added	  to	  the	  RBC	  solution.	  The	  activated	  
cells	  were	  stored	  in	  EAS	  45	  buffer	  at	  4	  oC.	  The	  erythrocytes	  can	  be	  thus	  stored	  for	  
up	  to	  3	  weeks	  without	  significant	  hemolysis.	  
To	  couple	  the	  different	  Xenopus	  C-­‐Cadherin	  extracellular	  fragments	  to	  the	  
activated	  erythrocytes	  surface,	  1	  µg	  of	  C-­‐terminus	  6XHis	  tagged	  or	  the	  human	  Fc	  
tagged	   C-­‐cadherin	   fragments	   were	   incubated	   with	   2	   X	   105	   antibody-­‐labeled	  
erythrocytes	  for	  1	  hour	  in	  100	  µl	  PBS	  supplemented	  with	  0.5	  mM	  EDTA	  and	  1%	  BSA	  
at	   4	   oC.	   The	   cells	   were	   then	   pelleted	   and	   rinsed,	   in	   order	   to	   remove	   unbound	  
cadherin.	   	   The	   latter	   cells	   were	   used	   for	   micropipette	   measurements	   after	  
immobilizing	  the	  cadherin	  fragment.	  
	  
2.2.3	  Quantifying	  the	  Cadherin	  Surface	  Density	  on	  RBCs	  
and	  CHO	  Cells	  
The	  cadherin	  density	  on	  the	  cells	  was	  determined	  by	  fluorescence	  activated	  
cell	  sorting.	  (FACS).	  	  Calibrated	  fluorescein	  isothiocyanate	  (FITC)	  labeled	  standard	  
beads	  (Bangs	  Laboratories,	  Fishers,	  IN)	  were	  used	  as	  a	  reference.	  Anti-­‐C-­‐cadherin	  
antibody	  (1	  µg)	  (Santa	  Cruz	  Biotechnology,	  Santa	  Cruz,	  CA)	  was	  used	  to	  stain	  the	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C-­‐cadherin	  labeled	  cells,	  which	  were	  stored	  in	  PBS	  with	  0.5	  mM	  EDTA	  and	  1%	  BSA	  
at	  4	  oC	  for	  30	  minutes.	  Cells	  were	  then	  stained	  with	  1	  µg	  FITC	  conjugated	  anti-­‐goat	  
IgG	  antibody	  in	  PBS	  with	  0.5	  mM	  EDTA	  and	  1%	  BSA	  at	  4	  oC	  for	  30	  minutes.	  The	  
fluorescence	   intensity	  of	   the	   labeled	  cells	  was	  quantified	  by	  using	  a	  BD	  LSR	   flow	  
cytometer	   (BD	   Biosciences,	   San	   Jose,	   CA)	   as	   described	   [81].	   The	   fluorescence	  
intensity	  for	  each	  population	  of	  the	  five	  standard	  beads	  was	  used	  to	  determine	  the	  
fluorescence	  calibration	  curve.	  The	  protein	  density	  on	  the	  cells	  was	  determined	  by	  
dividing	  the	  number	  of	  fluorescence	  on	  the	  cells	  by	  the	  estimated	  cell	  surface	  area.	  
The	   fluorescence	   density	   on	   the	   cells	   was	   quantified	   by	   comparing	   the	   total	  
fluorescence	   intensity	  on	  the	  cells	  against	  a	  calibration	  curve	  generated	  with	   the	  
FITC	  standard	  beads.	  	  
	  	  
2.2.4	   Micropipette	   Measurement	   of	   Cell	   Adhesion	  
Dynamics	  
The	   Configuration	   of	   the	   cells	   in	   the	   micropipette	   manipulation	   method	  
was	  showed	  in	  Figure	  2.1	  A.	  In	  this	  case,	  the	  CHO	  cells	  on	  the	  left	  expressing	  the	  
full-­‐length,	  wild	   type	  C-­‐cadherin	   (C-­‐CHO)	  and	   the	  RBC	  on	   the	   right	   is	  modified	  
with	   anti-­‐Human	   IgG	   Fc	   antibody,	   which	   in	   turn	   captures	   soluble	   Human	   FC-­‐
tagged	  C-­‐cadherin	  ectodomain	   fragments	  or	   its	  domain	  deletion	  mutants	   (Figure	  
2.1	  B).	  In	  other	  cases,	  the	  capture	  antibody	  was	  anti-­‐hexahistidine	  antibody	  and	  the	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C-­‐cadherin	  ectodomain	  fragment	  was	  C-­‐terminally	  fused	  to	  a	  hexahistidine	  tag.	  In	  
a	  third	  configuration,	  both	  cells	  were	  modified	  RBCs.	  	  
	  
	  
 
Figure	  2.1:	  Configuration	  of	  CHO	  and	  RBC	   in	  micropipette	  measurements.	  	  
(A).	   Image	   of	   the	   CHO	   cell	   and	   the	   red	   blood	   cell	   (RBC)	   aspirated	   into	   the	  
micropipette	  in	  the	  micropipette	  manipulation	  instrument.	  (B)	  Scheme	  illustrating	  
of	  relative	  protein	  configuration	  on	  CHO	  cells	  and	  RBC.	  The	  full-­‐length	  cadherin	  
was	   expressed	   on	   the	   CHO	   cell	   surface	   and	   the	   CHO	   cell	   was	   aspirated	   into	   a	  
micropipette	  about	  7	  µm	  in	  diameter.	  The	  anti-­‐IgG	  capture	  antibody	  was	  bound	  to	  
the	   surface	   of	   the	   RBC	   by	   the	   CrCl3	   method	   and	   the	   RBC	   was	   aspired	   into	   a	  
micropipette	  of	  about	   1.3	  µm	  in	  diameter.	  The	  cadherin	  ectodomain	   linked	  to	  Fc	  
tag	  was	  captured	  by	  the	  antibody	  on	  the	  surface	  of	  RBC.	  	  
	  
Adhesion	  probability	  measurements	  with	  the	  micropipette	  were	  conducted	  
as	   described	   previously	   [79].	   Both	   the	   C-­‐cadherin	   expressing	   CHO	   K1	   cells	   (C-­‐
CHO)	  and	  modified	  RBCs	  were	   incubated	   in	  the	  sample	  chamber	  on	  microscope	  
stage	   in	   1.26	   mM	   CaCl2	   containing	   L-­‐15	   medium	   (Invitrogen,	   Carlsbad,	   CA),	  
supplementing	  with	  1%	  BSA.	  Cells	  were	  aspired	  into	  each	  of	  the	  two	  micropipettes,	  
which	  were	  then	  used	  to	  position	  the	  cells	  adjacent	  to	  each	  other.	  The	  contact	  area	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was	   adjusted	   to	   about	   3	   µm2	   (~2	   µm	   in	   diameter).	   One	   of	   the	   micropipette	  
manipulators	  is	  interfaced	  to	  the	  computer	  via	  a	  piezoelectric	  actuator.	  The	  piezo-­‐
actuator	   then	  oscillates	   the	  micropipette	  position	   at	   a	   speed	  of	   0.1	  µm/s,	   so	   that	  
the	  cells	  move	   in	  and	  out	  of	   contact.	  The	   inter-­‐cellular	  contact	   time	   is	  operator-­‐
programmed.	   	  The	   cells	   and	   the	   contact	   area	   are	   visualized	  with	   a	   video	   camera	  
and	  TV	  monitor.	  Cell	  binding	  is	  detected	  on	  the	  monitor	  during	  detachment	  from	  
the	  deformation	  of	  the	  red	  blood	  cells	  and	  recoil	  following	  bond	  rupture.	  	  After	  50-­‐
100	  contact-­‐retraction	  cycles,	  we	  determined	  the	  binding	  frequency.	  For	  each	  cell-­‐
cell	  contact	  time,	  we	  measured	  three	  to	  five	  pairs	  of	  cells.	  
Cell	  pairs	  consisted	  of	  (i)	  a	  transfected	  CHO	  cell	  and	  a	  modified	  RBC	  or	  (ii)	  
two	  cadherin-­‐coated	  RBCs.	  	  The	  RBCs	  were	  modified	  with	  either	  6	  X	  His	  tagged	  or	  
Human	  Fc	  tagged	  soluble	  ectodomain	  fragments.	  	  The	  CHO	  cells	  expressed	  either	  
the	  wild	  type	  C-­‐cadherin	  or	  the	  W2A	  mutant	  of	  the	  full-­‐length	  C-­‐cadherin.	  
We	  also	  carried	  out	  three	  different	  control	  measurements.	  	  These	  consisted	  
of	   an	   antibody-­‐coated	   RBC	   (no	   cadherin)	   interacting	   with	   C-­‐CHO,	   and	  
measurements	  with	  0.5	  mM	  EDTA	  in	  the	  chamber	  medium.	  In	  the	  third	  control,	  
we	   first	   incubated	   the	   cadherin-­‐coated	   RBC	   with	   4	   µg	   of	   anti-­‐C-­‐cadherin,	  
polyclonal	  blocking	  antibody	  for	  30	  minutes	  before	  measurements.	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2.3	  Results	  
	  
2.3.1	  Adhesion	  between	  CHO	  Cells	  Expressing	  Wild-­‐type	  
C-­‐cadherin	   and	   RBCs	   Coated	   with	   CEC1-­‐5-­‐His6	   Exhibits	  
Biphasic	  Kinetics	  
Figure	  2	  shows	  a	  representative	  binding	  frequency	  on	  the	  contact	  duration	  
between	  CHO	  cells	  expressing	  the	  wt	  Cadherin	  (C-­‐CHO)	  and	  RBCs	  modified	  with	  
6	  x	  His	  tagged	  cadherin	  ectodomain	  (CEC1-­‐5His6).	  	  The	  cadherin	  densities	  on	  the	  
CHO	  and	  RBCs	  were	  7	  cadherin/µm2	  and	  3	  CEC1-­‐5His6/µm2,	  respectively.	  	  Instead	  
of	  a	  simple	  rise	  to	  a	  limiting	  plateau,	  the	  time	  course	  is	  biphasic,	  and	  exhibits	  two	  
different,	  consecutive	  kinetic	  stages.	  There	   is	  an	   initial,	   rapid	   increase	   in	  binding	  
frequency	  to	  ~0.2—that	  is,	  20%	  of	  cell-­‐cell	  contacts	  result	  in	  adhesion—within	  the	  
first	  2	  s.	  This	  rapid	  rise	  is	  followed	  by	  a	  2-­‐5	  s	  lag	  phase,	  and	  then	  a	  second	  increase	  
in	   binding	   frequency.	   At	   these	   cadherin	   densities	   (Figure	   2.1),	   the	   binding	  
frequency	   saturated	   at	   about	   0.87+0.05.	   	   There	   was	   no	   further	   change	   in	   the	  
binding	  frequency	  after	  20	  s.	  	  
	   Several	   control	  measurements	   were	   carried	   out	   to	   assess	   the	   background	  
adhesion	  frequency.	  These	  included	  measurements	  between	  C-­‐CHO	  and	  antibody-­‐
modified	   RBCs	   without	   the	   cadherin	   ectodomains	   (blank).	   	  Measurements	   were	  
also	   conducted	   in	   5	   mM	   EDTA.	   	   We	   also	   carried	   out	   measurements	   with	  
polyclonal	   anti-­‐C-­‐cadherin	   antibody,	   which	   blocks	   Cadherin	   adhesion	   (Blocking	  
AB).	  As	  shown	  in	  Figure	  1,	  these	  controls	  all	  reduce	  the	  binding	  frequency	  to	  0.1.	  In	  
all	   subsequent	   time	   courses	   reported	   in	   this	   manuscript,	   the	   background	   was	  
subtracted	  from	  the	  cadherin	  binding	  frequency	  time	  courses	  using	  the	  following	  
equation	   [79]:	   	   	   Pc=	   (P-­‐P0)/(1-­‐P0).	   	   Here	   Pc	   is	   the	   background-­‐corrected	   binding	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frequency,	   P	   is	   the	   raw	   binding	   frequency,	   and	   P0	   is	   the	   binding	   frequency	   of	  
control.	  
	  
	  
Figure	   2.2:	   Binding	   probability	   versus	   contact	   time	   between	   C-­‐CHO	   and	  
RBCs	   derivatized	   with	   CEC1-­‐5-­‐His6.	   The	   black	   diamonds	   show	   the	   time	  
evolution	  of	  the	  adhesion	  probability	  between	  CHO	  cells	  expressing	  the	  full-­‐length	  
C-­‐cadherin	   at	   7	   cadherin/µm2	   and	   RBCs	   coated	   with	   CEC1-­‐5	   His6	   at	   3	  
cadherin/µm2.	   The	   blank	   control	   (white	   squares)	   measured	   the	   adhesion	  
probability	   between	   C-­‐CHO	   and	   the	   antibody-­‐coated	   red	   blood	   cells	   without	  
bound	  CEC1-­‐5.	   	  The	  black	   triangles	   indicate	  measurements	  between	  C-­‐CHO	  and	  
CEC1-­‐5	  His6	  RBCs	   in	  5mM	  EDTA.	  The	  white	  triangles	  show	  the	  data	  obtained	   in	  
the	  presence	  of	  blocking	  antibody.	  
	  
The	   cadherin	   density	   does	   not	   affect	   the	   qualitative	   features	   of	   the	   time	  
course,	  but	  it	  changes	  the	  time	  courses	  quantitatively	  (Figure	  2.3).	  	  Decreasing	  the	  
CEC1-­‐5His6	   by	   a	   factor	   of	   ~3	   reduced	   the	   binding	   frequency	   of	   the	   initial	   rapid-­‐
binding	  phase	  from	  0.46+0.06	  to	  0.31+0.03,	  and	  may	  slightly	  increase	  the	  duration	  
of	  the	  lag	  period.	  	  Decreasing	  the	  C-­‐Cad	  density	  on	  the	  C-­‐CHO	  ~10fold	  from	  7.4	  to	  
0.9/µm2	  decreased	  the	  saturation	  binding	  frequency	  to	  0.56+0.03	  (Figure	  2.3).	  This	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nearly	   ten-­‐fold	   reduction	   in	   cadherin	   density	   also	   appears	   to	   increase	   the	   lag	  
period.	  The	  full	  length	  C-­‐Cadherin	  density	  on	  the	  C-­‐CHO	  affects	  both	  the	  limiting	  
binding	  frequency	  and	  the	  duration	  of	  the	  lag.	  	  	  
	  
	  
Figure	  2.3:	  Binding	  probability	  versus	  contact	  time	  between	  C-­‐CHO	  and	  an	  
RBC	  modified	  with	  CEC1-­‐5	  His6	  at	  different	  cadherin	  densities. The	  
background-­‐corrected	  binding	  time-­‐courses	  were	  measured	  between	  C-­‐CHO	  (7	  
cadherin/µm2)	  and	  CEC1-­‐5His6	  (10	  cadherin/µm2)	  (white	  squares);	  C-­‐CHO	  (7	  
cadherins/µm2)	  and	  CEC1-­‐5His6	  (3	  cadherins/µm2)	  (black	  squares);	  and	  C-­‐CHO	  (1	  
cadherin/µm2)	  and	  CEC1-­‐5His6	  (10	  cadherin/µm2)	  (black	  triangles).	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2.3.2	   Biphasic	   Cadherin	   Kinetics	   Do	   Not	   Require	   the	  
Cytoplasmic	  Domain	  
To	  test	   the	   impact	  of	   the	  cytoplasmic	  domain	  on	  the	   two-­‐stage	  (biphasic)	  
kinetics,	  we	  measured	  the	  binding	  time	  course	  between	  two	  RBCs	  coated	  with	  the	  
His6-­‐tagged	   extracellular	   domain	   of	   C-­‐cadherin	   (CEC1-­‐5-­‐His6),	   which	   lacks	   both	  
the	   transmembrane	  and	  cytoplasmic	  domains.	   	  The	  resulting	  binding	  probability	  
versus	  time	  curve	  (Figure	  2.4)	  is	  also	  biphasic.	  Binding	  increased	  rapidly	  in	  the	  first	  
2	  s,	  at	  both	  cadherin	  densities	  examined.	  After	  a	  subsequent	  2-­‐5	  s	  lag,	  the	  binding	  
transitioned	  to	  the	  second,	  high-­‐probability	  state.	   	  At	  both	  CEC1-­‐5	  His6	  densities,	  
the	  binding	  curve	  plateaued	  within	  20	  s.	  These	  profiles	  are	  qualitatively	  similar	  to	  
those	  measured	  between	  C-­‐CHO	  and	  CEC1-­‐5His6	  (Figure	  2.2,	  2.3),	   indicating	  that	  
the	   ectodomains	   alone	   determine	   the	   biphasic	   kinetics	   within	   the	   first	   40	   s	   of	  
contact.	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Figure	   2.4:	   Cytoplasmic	   domain	   is	   not	   required	   for	   biphasic	   kinetics	   The	  
background-­‐corrected	   data	   show	   the	   adhesion	   probability	   versus	   contact	   time	  
between	   RBCs	   modified	   identically	   with	   CEC1-­‐5	   His6	   at	   densities	   of	   ~4	   (black	  
squares)	  and	  ~5	  (black	  circles)	  cadherins/µm2.	  
	  
Studies	  suggest	  that	  cadherin	  dimerization	  enhances	  cadherin	  activity [91].	  
To	  test	  the	  influence	  of	  lateral	  dimerization	  on	  the	  cadherin	  binding	  dynamics,	  we	  
immobilized	  preformed	  cadherin	  dimers	  on	  the	  RBCs.	  The	  cadherin	  ectodomains	  
are	   dimerized,	   by	   fusing	   them	   to	   the	   human	   IgG	   Fc	   domain,	   at	   the	   C-­‐terminus	  
(CEC1-­‐5-­‐Fc).	   The	   dimers	   are	   then	   immobilized	   on	   the	   RBCs	   via	   anti-­‐human-­‐Fc	  
monoclonal	  antibodies	  (CEC1-­‐5	  Fc	  RBC).	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Figure	   2.5:	   Effect	   of	   cadherin	   dimerization	   on	   biphasic	   kinetics.	   (A)	  
Measurements	  between	  identically	  modified	  CEC1-­‐5	  Fc	  RBCs	  at	  39	  cadherins/µm2	  
(white	  squares)	  and	  12	  cadherins/µm2	  (white	  circles).	  	  (B)	  Measurements	  between	  
C-­‐CHO	  and	  CEC1-­‐5	  Fc	  modified	  RBCs.	  	  The	  cadherin	  densities	  on	  the	  C-­‐CHO	  and	  
RBCs	   were,	   respectively,	   10	   and	   12	   cadherins/µm2	   (black	   squares)	   and	   1	   and	   38	  
cadherins/µm2	   (black	   circles).	  The	  data	   also	   show	   the	  blank	   (white	   squares)	   and	  
EDTA	  control	  (white	  circles).	  
	  
	  
The	   time-­‐dependent	   binding	   probability	   measured	   between	   two	   RBCs	  
modified	   identically	   with	   CEC-­‐Fc	   dimers	   is	   also	   biphasic	   (Figure	   2.5A),	   but	   the	  
 39 
overall	  curve	  shifts	   slightly	   to	   the	   left,	  compared	  to	  data	   in	  Figure	  2.4.	   	  The	   first,	  
fast	  binding	  stage	  plateaus	  within	  1	  s,	  and	  is	  followed	  by	  a	  shorter	  lag	  phase	  and	  a	  
faster	   transition	   to	   the	   high	   probability	   binding	   state.	   	   Interactions	   between	   C-­‐
CHO	   and	   CEC1-­‐5	   Fc	   RBCs	   (Figure	   2.5)	   also	   shift	   the	   curve	   left,	   relative	   to	   the	  
curves	  in	  Fig.	  2.2.	  	  In	  this	  case,	  first	  step	  plateaus	  within	  2	  s,	  and	  the	  second	  stage	  
plateaus	  within	  15	  s,	  which	  is	  intermediate	  between	  that	  measured	  with	  the	  CEC1-­‐
5-­‐Fc	  RBC/CEC1-­‐5	  and	  C-­‐CHO/CEC1-­‐5	  His6	  RBC	  cell	  pairs.	  	  	  
	  
2.3.3	   Biphasic	   Cell	   Binding	   Kinetics	   Require	   Specific	  
Cadherin	  Domains	  
Cadherin	   adhesion	   requires	   the	   EC1	   domain [18,31,56,57].	   However,	  
increasing	   evidence	   shows	   that	   the	   full-­‐length	   protein	   and	   EC3	   are	   required	   for	  
strong	   binding [12-­‐14,58].	  Here	  we	   investigated	   the	   impact	   of	   removing	   domains	  
EC3	  and	  EC3-­‐5	  on	  cadherin	  binding	  dynamics.	  
Figure	  2.6	  shows	  the	  binding	  time	  course	  measured	  with	   the	  cadherin	  Fc-­‐
tagged	  domain	  deletion	  mutants	  CEC12-­‐Fc	  and	  CEC1245-­‐Fc	  bound	  to	  RBCs	  via	  the	  
anti-­‐human-­‐Fc	   antibody.	   Removing	   EC3	   substantially	   alters	   the	   kinetic	   profiles	  
(Figure	   2.6).	   	   The	   time	   courses	   exhibit	   a	   single,	   monophasic	   rise	   to	   a	   low	  
probability	   binding	   state.	   	   There	   is	   no	   lag	   or	   subsequent	   transition	   to	   a	   high	  
probability	  binding	  state.	  This	  is	  not	  due	  to	  insufficient	  cadherin	  surface	  densities.	  
The	   densities	   of	   the	   immobilized	   fragments	   required	   to	   achieve	   a	   binding	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probability	  of	  0.2,	  as	  in	  the	  first,	   fast	  step	  measured	  with	  the	  full	  ectodomain	  (cf.	  
Figure.	   2.2),	   were	   10	   and	   158	   cadherin/µm2	   for	   CEC1245-­‐Fc	   and	   CEC12-­‐Fc,	  
respectively.	   	  Even	  at	   the	  highest	  cadherin	  density,	   there	  was	   little	  change	   in	  the	  
binding	   probability	   after	   20s.	   Measurements	   at	   lower	   Fc-­‐tagged	   ectodomain	  
densities	  also	  exhibited	  simple	  kinetics,	  and	  the	  binding	  curve	  plateaued	  below	  0.2	  
(not	  shown).	  	  The	  CEC12-­‐Fc	  binding	  curve	  approaches	  the	  plateau	  at	  a	  similar	  rate	  
as	   the	   biphasic	   CEC1-­‐5-­‐Fc	   binding	   curves	   approach	   the	   first	   plateau.	   This	   also	  
suggests	  similar	  dissociation	  rates [79].	  In	  contrast,	  the	  CEC1245-­‐Fc	  binding	  curve	  
rises	  at	  a	  slower	  pace,	  suggesting	  slower	  kinetic	  rates.	  
	  
	  
Figure	  2.6:	  Binding	  probability	  versus	  contact	  time	  between	  C-­‐CHO	  and	  the	  
domain	   deletion	   mutants	   CEC1245-­‐Fc	   or	   CEC12-­‐Fc	   on	   RBCs.	   Background	  
adhesion	   was	   subtracted	   from	   all	   data.	   The	   time-­‐dependence	   of	   the	   adhesion	  
probability	  was	  measured	  between	  C-­‐CHO	  (7	  cadherin/µm2)	  and	  CEC1245-­‐Fc	  RBC	  
(10	   cadherin/µm2)	   (white	   squares)	   and	   between	   C-­‐CHO	   (7)	   and	   CEC12-­‐Fc	   RBCs	  
(158	  cadherin/µm2)	  (black	  circles).	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2.3.4	   Kinetics	   Analyses	   of	   Monophasic	   Binding	  
Probability	  Curves	  
Binding	   mechanisms	   and	   kinetic	   rate	   constants	   of	   the	   receptor–ligand	  
interactions	  mediating	   cell	   adhesion	   can	  be	  determined	   from	   the	  dependence	  of	  
the	  binding	  probability	  on	  the	  cell	  contact	  duration	  in	  the	  MP	  measurements.	  	  For	  
a	  simple	  one–step	  reaction	  (Equation	  2.1)	  
f
r
k
k
BLR !+ 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (Eq.	  2.1)	  
The	   analytical	   expression	   for	   the	   time-­‐dependence	   of	   the	   adhesion	   probability	  
between	  cells	  with	  a	  given	  contact	  area	  AC	  is in Equation 2.2 [79].	  
! 
P =1" exp " mLmRACKa 1" exp "krt{ }( )[ ]( ) 	   	   	   	   	   	  	  	  	  	  	  	  	  	  (Eq.	  2.2)	  
Here	  mL	  and	  mR	  are	  the	  surface	  density	  in	  molecules/µm2	  of	  the	  receptor	  and	  the	  
ligand,	   respectively.	   The	   two-­‐dimensional	   equilibrium	   binding	   constant	   Ka=kf/kr	  
where	  kr	  and	  kf	  are	   the	  reverse	  and	   forward	  binding	  rates,	   respectively.	   	   In	   cases	  
that	   exhibit	   simple	   binding	   kinetics,	   the	   parameters	   Ka	   and	   kr	   can	   therefore	   be	  
determined	   from	   nonlinear	   least	   squares	   fits	   of	   Eq.	   2.2	   to	   experimentally	  
determine	  adhesion	  time	  courses.	  	  The	  forward	  binding	  rate	  kf	  is	  determined	  from	  
kf=Kakr.	  	  	  
	   We	  thus	  determined	  the	  kinetic	  rates	  associated	  with	  the	  time	  course	  of	  the	  
two	  deletion	  mutants	  shown	  in	  Figure	  2.6,	  by	  fitting	  the	  binding	  time	  course	  to	  Eq.	  
2.2.	   The	   contact	   area	   AC	   of	   3	   µm2	   was	   set	   at	   the	   beginning	   of	   each	   series	   of	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measurements.	  The	  best-­‐fit	   parameters	  obtained	   for	   the	  data	  measured	  between	  
CEC1245-­‐Fc	   and	  C-­‐CHO	  were	  Ka=(29.7±0.8)	   x	   10-­‐2	  µm-­‐2	   and	   kr=0.31±0.06s-­‐1.	   	   The	  
best-­‐fit	  parameters	  for	  the	  time	  course	  obtained	  with	  the	  CEC12-­‐Fc	  fragment	  were	  
Ka=(1.4±0.1)	  x	  104	  µm-­‐2	  and	  kr=0.9±0.2s-­‐1.	  	  These	  are	  summarized	  in	  Table	  2.1.	  
 
Table	  2.1	  :	  Summary	  of	  thermodynamic	  and	  kinetic	  constants	  determined	  
from	  fits	  of	  Eq.	  2.2	  to	  adhesion	  time	  courses	  in	  Figures	  2.6	  and	  2.8.	  The	  
contact	  area	  AC	  was	  approximately	  3	  µm2.	  The	  numbers	  in	  parentheses	  are	  the	  
cadherin	  densities	  in	  #/µm2.	  
 
mR	  (µm
-­‐2) mL	  (µm
-­‐2) kr	  (s
-­‐1) kf	  	  
(x	  10-­‐4	  s-­‐1µm-­‐2) 
Ka	  	  
(x	  104	  µm2) 
R2 
CCAD	  	  
(7) 
CEC1245	  Fc	  	  
(10) 
0.24+0.06 7.2+0.9 30±9 0.91 
CCAD	  	  
(7) 
CEC12	  Fc	  	  
(155) 
0.9+0.2 1.3+0.2 1.4±0.5 0.78 
CCAD	  	  
(44)	   
CEC1-­‐5	  W2A	  His6	  
(556) 
0.08+0.01 0.008+0.001 0.09±0.02 0.91 
CCAD	  W2A	  
(24) 
CEC1-­‐5Fc	  	  
(452) 
0.10+0.03 0.01+0.002 0.12±0.05 0.78 
CCAD	  W2A	  
(24) 
CEC1-­‐5	  Fc	  	  
(328) 
0.07+0.02 0.008+0.002 0.10±0.05 0.81 
	  
	  
	   We	  also	  considered	  the	  possibility	  that,	  since	  the	  fragments	  are	  dimers,	  the	  
proteins	  may	  bind	  in	  a	  two-­‐step	  reaction,	  if	  cadherins	  on	  the	  C-­‐CHO	  also	  bind	  as	  
dimer.	  The	  reaction	  scheme	  in	  the	  case	  is	  Equation	  2.3.	  
	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (Eq.	  2.3)	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To	  test	  this,	  we	  also	  fit	  the	  data	  to	  the	  analytic	  expression	  for	  the	  time-­‐dependent	  
binding	   probability	   associated	   with	   the	   latter	   reaction	   mechanism.	   	   However,	  
increasing	  the	  number	  of	  parameters	  did	  not	  improve	  the	  fits.	  	  An	  F-­‐test	  confirmed	  
that	   the	   use	   of	   this	   more	   complicated	   scheme	   was	   not	   statistically	   justified.	  	  
Comparing	  the	  two-­‐step	  mechanism	  with	  the	  simple	  binding	  scheme	  gave	  F	  values	  
of	  0.37	  and	  0.04	  for	  the	  CEC1245	  and	  CEC12	  data,	  respectively.	  	  The	  corresponding	  
p-­‐values	   are	  0.51	   and	  0.85,	   respectively,	   indicating	   that	  differences	   in	   the	   fits	   are	  
not	  statistically	  significant.	  	  
The	  mass	  action	  effects	  on	  the	  kinetics	  can	  be	  investigated,	  by	  rearranging	  
Equation	  2.2.	  We	  applied	  a	  log	  transformation	  to	  the	  plateau	  adhesion	  probability	  
P(∞)	  and	  plot	  –ln[1-­‐	  P(∞)]	  versus	  the	  product	  of	  the	  cadherin	  densities	  expressed	  
or	  coated	  on	  the	  two	  cells,	  mL	  X	  mR	  (Figure	  2.7)	  [79].	  In	  this	  case,	  -­‐ln[1-­‐	  Pa(∞)]	   is	  
proportional	  to	  mL	  X	  mR.	  The	  triangles	  in	  Figure	  2.7	  are	  the	  thus	  normalized	  data	  
measured	  between	   identically	  modified	  CEC1245	  Fc	  RBCs.	  The	  CEC12-­‐Fc	  data	   fall	  
much	  below	  this	  line	  (not	  shown),	  suggested	  a	  much	  lower	  apparent	  affinity.	  	  
We	   similarly	   normalized	   the	   data	   obtained	   with	   the	   full	   ectodomains	   by	  
ln(1-­‐P1)	  and	  by	  ln	  (1-­‐P2),	  where	  P1	  and	  P2	  are	  the	  respective	  magnitudes	  of	  the	  first	  
and	   second	   plateaus,	   These	   normalized	   data	   are	   also	   shown	   in	   Figure	   2.7	   for	  
comparison.	  It	  is	  important	  to	  note	  that	  the	  low	  probability	  binding	  data	  fall	  along	  
a	  straight	  line	  (black	  squares),	  which	  is	  collinear	  with	  the	  CEC1245	  data.	  The	  linear	  
dependence	  on	  the	  cadherin	  density	  product	  suggested	  that	  the	  formation	  of	  the	  
first	   binding	   state	   is	   proportional	   to	   the	   molecular	   densities	   on	   the	   respective	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surfaces.	   The	   slope	   of	   the	   line	   also	   represents	   the	   product	   of	   the	   affinity	   and	  
contact	   area	  ACKa.	   Based	   on	   the	   co-­‐linearity	   of	   these	   two	   normalized	   data	   sets	  
(Figure	   2.7,	   black	   squares),	   one	   could	   postulate	   (i)	   that	   the	   underlying	   kinetic	  
mechanisms	  are	  the	  same	  and	  (ii)	  that	  the	  CEC1245-­‐Fc	  interaction	  has	  an	  apparent	  
affinity	  equal	  to	  that	  of	  the	  first,	  fast	  binding	  step	  of	  the	  wild	  type	  protein.  
	  
Figure	  2.7:	  Semilog	  plot	  of	  the	  log	  normalized	  binding	  probability	  of	  (-­‐ln(1-­‐
P))	  versus	  the	  product	  of	  surface	  densities	  of	  cadherins	  on	  the	  two	  cells	  (mR	  
x	  mL).	  	  The	  black	  squares	  show	  the	  data	  from	  Figure	  2B	  normalized	  relative	  to	  the	  
first	  plateau	  (P1)	  and	  the	  white	  squares	  are	  data	  normalized	  relative	  to	  the	  second	  
plateau	   (P2).	   	   The	   black	   triangles	   show	   the	   data	   obtained	   with	   C-­‐CHO	   and	  
CEC1245-­‐Fc	  RBCs	  normalized	  relative	  to	  the	  limiting	  plateau	  in	  Figure	  2.6.	  
	  
The	  normalized	  data	  for	  the	  high-­‐probability	  state	  (white	  triangles)	  do	  not	  
exhibit	  an	  obvious	  linear	  dependence.	  	  This	  may	  be	  due	  to	  the	  greater	  error	  in	  the	  
measured	  adhesion	  probabilities	  above	  ~0.8,	  relative	  to	  the	  mid-­‐ranged	  values.	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2.3.5	  W2A	  Mutants	  Exhibit	  a	  Simple	  Binding	  Time	  Course	  
with	  Slow	  Kinetics	  
The	  second	  amino	  acid	  from	  the	  N-­‐terminus	  in	  the	  mature	  cadherin,	  W2	  is	  
reportedly	  critical	   for	   robust	  cell	  adhesion.	  These	  studies	   investigated	  the	   impact	  
of	   the	   W2A	   mutation	   on	   cadherin	   kinetics.	   Binding	   probability	   curves	   were	  
measured	  (i)	  between	  C-­‐CHO	  and	  W2A	  CEC1-­‐5-­‐His6	  RBCs	  and	  (ii)	  between	  CEC1-­‐
5-­‐His6	  RBCs	  and	  W2A	  C-­‐CHO	  at	  two	  different	  expression	  levels	  (Figure	  2.8).	  In	  all	  
three	   cases,	   the	   cells	   adhere,	   and	   the	   binding	   time	   course	   exhibits	   simple,	  
monophasic	   kinetics.	   	   The	   binding	   probability	   increases	   with	   contact	   time	   to	   a	  
limiting	   plateau,	   similar	   to	   previous	   studies	   (c.f.	   Figure	   2.6).	   The	   profiles	   are	  
similar	   qualitatively,	   regardless	   of	   whether	   the	   mutation	   is	   in	   the	   soluble	  
ectodomain	  fragment	  or	  in	  the	  full-­‐length	  cadherin	  on	  the	  C-­‐CHO.	  	  
The	   W2A	   mutant	   densities	   required	   to	   achieve	   comparable	   binding	  
frequencies	  were	  substantially	  higher	  than	  required	  for	  CEC12-­‐Fc	  and	  CEC1245-­‐Fc	  
fragments	   (Figure	   2.8,	   Table	   2.1).	   	   Nonlinear	   least	   squares	   fits	   of	   the	   data	   using	  
Equation	  2.2	   (Figure	   2.8,	   solid	   lines)	   show	   that	   this	   can	  be	   explained	  by	   a	   lower	  
apparent	   affinity	   than	   either	   the	   CEC12-­‐Fc	   or	   the	   CEC1245-­‐Fc	   fragments.	   	   The	  
apparent	  affinities	  Ka	  of	  the	  W2A	  mutant	  for	  wild	  type	  ectodomains,	  at	  ~1x10-­‐5	  µm2	  
are	  more	  than	  three	  orders	  of	  magnitude	  lower	  than	  that	  of	  CEC1245-­‐Fc,	  and	  the	  
dissociation	  rates	  are	  nearly	   tenfold	  slower.	  Again,	   the	  simple	  kinetic	  model	   (Eq.	  
2.2)	  describes	   the	  data,	   and	   fitting	   to	   the	  dimer-­‐binding-­‐model	  was	   not	   justified	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statistically.	   	  In	  all	  three	  data	  sets	  (Figure	  2.8),	  the	  best-­‐fit	  parameters	  (Table	  2.1)	  
were,	  however,	   statistically	  similar	   to	  each	  other,	   regardless	  of	  whether	   the	  W2A	  
mutation	  was	  on	  the	  soluble	   fragment	  or	  on	   the	   full-­‐length	  protein	  on	  the	  CHO	  
cell.	   	   The	   independence	   of	   the	   fitted	   parameters	   on	   the	   protein	   densities	   also	  
confirms	  that	  Eq.	  2.2	  describes	  the	  binding.	  	  	  
	  
Figure 2.8: Binding probability time course between the W2A mutant and wild type 
cadherin. (A) Adhesion	  probabilities	  measured	  between	  C-­‐CHO	  (44	  cadherin/µm2)	  
and	   CEC1-­‐5-­‐His6	  W2A	   on	   the	   RBC	   (556	   cadherin/µm2)	   (black	   triangles);	   (B)	  C-­‐
CHO	   W2A	   (24	   cadherin/µm2)	   and	   CEC1-­‐5-­‐Fc	   RBC	   (328	   cadherin/µm2)	   (black	  
circles);	   and	   (C)	   C-­‐CHO	   W2A	   (24	   cadherins/µm2)	   and	   CEC1-­‐5-­‐Fc	   RBC	   (453	  
cadherin/µm2)	   (white	   squares).	   	   The	   background	   binding	   probability	   was	  
subtracted	   from	   all	   data.	   	   The	   solid	   lines	   through	   the	   data	   are	   the	   weighted	  
nonlinear	  least	  squares	  fits	  to	  Eq.	  2.2.	  	  The	  best-­‐fit	  parameters	  are	  summarized	  in	  
Table	  2.1.	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2.4	  Discussion	  
The	   significant	   new	   findings	   of	   this	   study	   are	   that	   the	   initial,	   cadherin-­‐
mediated	  cell	  contact	  formation	  occurs	  by	  a	  complex	  kinetic	  process	  that	  requires	  
the	   full	   ectodomain,	   and	   that	   this	   kinetic	   behavior	   is	   independent	   of	   the	  
cytoplasmic	  domain.	   	  The	  cadherin	  binding	  curves	  exhibit	  a	   fast,	   low-­‐probability	  
binding	   state	   and	   a	   second,	   high	   probability	   binding	   state,	   which	   forms	   more	  
slowly	   and	   requires	   the	   full	   extracellular	   segment.	   	   The	   two	   kinetic	   states	   are	  
separated	  by	  a	  lag,	  the	  duration	  of	  which	  depends	  in	  part	  on	  the	  cadherin	  surface	  
density	   and	   on	   the	   state	   of	   cadherin	   oligomerization.	   Measurements	   between	  
RBCs	  coated	  identically	  with	  the	  truncated	  ectodomains	  demonstrate	  that,	  within	  
the	  first	  40	  s,	  the	  cell	  adhesion	  kinetics	  is	  independent	  of	  the	  cytoplasmic	  domain.	  	  
The	   cytoplasmic	   domain	   requirement	   for	   the	   formation	   of	   robust	  
intercellular	   junctions	   is	   well	   established [92].	   Importantly,	   these	   micropipette	  
assays	   do	   not	   contradict	   the	   previous	   studies	   because	   they	   do	   not	   quantify	   the	  
adhesion	  strength.	  The	  probability	  time	  courses	  reflect	  the	  mechanism	  of	  cadherin	  
binding	   and	   the	   associated	   kinetic	   rates.	   Our	   results	   show	   that	   the	   cytoplasmic	  
domain	  does	  not	  alter	  the	  biphasic	  binding	  kinetics	  during	  the	  first	  steps	  of	  cell-­‐
cell	  contact	   formation.	  Over	   longer	   time	  scales	   (>40s)	   the	  cytoplasmic	  domain	   is	  
likely	   involved	   in	   adhesion	   strengthening	   via	   mechanisms	   such	   as	   cadherin	  
clustering [92,93].	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These	  findings	  also	  raise	  interesting	  questions	  concerning	  the	  mechanisms	  
and	   impact	   of	   inside	   out	   signaling	   on	   cadherin	   activity.	   There	   is	   increasing	  
evidence	   that	   cadherin	   function	   is	   regulated	   by	   several	   different	   mechanisms,	  
which	  include	  clustering	  on	  the	  cell	  surface,	   internalization,	  and	  association	  with	  
cell	   surface	   proteins	   such	   as	   growth	   factor	   receptors	   [2,38,71,91,93,94]. The	  
activation	   of	   small	   GTPases	   and	   Src	   regulates	   cadherin	   activity	   [74,95,96], and	  
growth	  factors	  such	  as	  EGF	  alter	  cadherin	  activity,	  independent	  of	  changes	  in	  cell	  
surface	   expression	   [2,38,45,71].	  Any	  or	   all	   of	   these	  mechanisms	   could	   involve	   the	  
cytoplasmic	   domain	   in	   some	   (as	   yet	   undefined)	   way.	   Our	   findings	   allow	   for	  
possible	   perturbations,	   such	   as	   described	   above	   could	   alter	   the	   binding	   kinetics	  
and	  consequently	  the	  intrinsic	  cadherin	  activity.	  In	  this	  study,	  we	  did	  not	  perturb	  
the	  CHO	   cells	   in	  ways	   that	   could	   alter	   the	   intrinsic	   cadherin	   activity.	  However,	  
these	   micropipette	   assays	   demonstrate	   new	   possibilities	   for	   interrogating	  
quantitatively	  the	  impact	  of	  such	  perturbations	  on	  cadherin	  function.	  
The	   qualitative	   features	   of	   the	   biphasic	   time	   courses	   require	   specific	  
ectodomain	   segments.	   The	   first,	   low	   probability	   state	   requires	   EC1.	   Domain	  
deletion	   mutants	   containing	   EC12	   bind	   wild	   type	   cadherin	   with	   rapid	   kinetics	  
comparable	  to	  the	  kinetics	  of	  the	  first,	  fast-­‐forming	  low	  probability	  state	  measured	  
between	  full-­‐length	  ectodomains.	  The	  normalized	  data	  (Figure	  2.7)	  further	  support	  
the	   equivalence	   of	   these	   two	   bonds.	   This	   conclusion	   agrees	   with	   surface	   force	  
measurements,	  which	  similarly	  mapped	  the	  CEC1245-­‐Fc	  bond	  to	   the	  EC1	  domain	  
[12].	   Together	   these	   findings	   provide	   compelling	   evidence	   that	   EC1	  mediates	   the	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first,	   fast	   step	   in	   cadherin-­‐dependent	   cell	   contact	   formation.	   This	   agrees	   with	  
single	  bond	  rupture	  studies,	  which	  similarly	  linked	  the	  fast,	  weak	  bonds	  between	  
full	  ectodomains	  to	  EC12	  [14,58].	  
A	   second	   direct	   parallel	   with	   previous	   force	   measurements	   is	   that	   the	  
slower-­‐forming,	  high	  probability	  state	  requires	  EC3.	  	  In	  force	  measurements,	  weak	  
EC12	  bonds	   form	  rapidly,	  but	   the	  additional	   strong	  bonds,	  which	  require	   the	   full	  
ectodomain	  and	  EC3,	  form	  more	  slowly [14,58].	  Consistent	  with	  our	  micropipette	  
data,	   increasing	  the	  protein	  contact	  time	  from	  0.1s	  to	  3s	  increased	  the	  population	  
of	   strong	  E-­‐cadherin	  bonds	   at	   the	   expense	  of	   the	  weak	  EC12	  bonds	   [58]. Surface	  
force	  measurements	  also	  mapped	  the	  strongest	  cadherin	  bonds	  to	  EC3 [12].	  Based	  
on	   the	   numerous	   parallels	   between	   these	   cell	   adhesion	   results	   and	   the	   earlier	  
biophysical	  studies,	  one	  can’t	  help	  but	  speculate	  that	  the	  high	  probability	  binding	  
state	   and	   the	   strong	   adhesive	   bonds	   detected	   in	   prior	   molecular	   force	  
measurements	   are	   directly	   linked,	   and	   possibly	   the	   same.	   	   Importantly,	   these	  
micropipette	   measurements	   demonstrate	   that	   the	   C-­‐cadherin	   binding	   at	   the	  
molecular	  level	  translates	  to	  intercellular	  adhesion.	  
A	   much	   higher	   CEC12-­‐Fc	   density	   (158	   cadherins/µm2)	   achieved	   a	   slightly	  
lower	  limiting	  plateau	  (~0.48)	  than	  CEC1245-­‐Fc	  (~0.55)	  at	  (10	  cadherins/µm2).	  	  The	  
lower	   CEC12-­‐Fc	   activity	   also	   agrees	   with	   prior	   biophysical	  measurements	   [12,13]. 
Here,	  we	   show	  quantitatively	   that	   this	   is	  due	   to	   a	   lower	   apparent	   affinity	   (Table	  
2.1),	  which	  is	   likely	  due	  to	  structural	  perturbations	  due	  to	  the	  protein	  truncation.	  	  
Recent	  reports	  show	  that	  subtle	  structural	  changes	  can	  significantly	  alter	  cadherin	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function [57,59,60].	  An	  alternative	  explanation	  is	  that	  its	  shorter	  molecular	  length	  
may	  reduce	  the	  apparent	  2D	  affinity	  of	  CEC12-­‐Fc	  relative	  to	  the	  longer	  CEC1245-­‐Fc 
[97].	  
The	  W2A	  mutant	  binds	   to	  wild	   type	  ectodomains,	  although	  this	  mutation	  
reportedly	   abrogates	   cell	   adhesion	   [56,57,60,98].	   Nevertheless,	   our	   results	   agree	  
with	  reports	  that	  both	  canine	  E-­‐cadherin	  W2A	  EEC1-­‐5	  Fc	  and	  Xenopus	  C-­‐cadherin	  
W2A	  CEC1-­‐5-­‐Fc	  aggregate	  beads [59,60].	  The	  apparent	  discrepancy	  between	  these	  
micropipette	   results	   and	   other	   cell	   adhesion	   assays	   is	   attributed	   to	   the	   lower	  
(single	  bond)	  detection	  threshold	  of	   the	  micropipette	  measurements.	   	  The	  much	  
lower	   affinity	   of	   the	   W2A	   mutant	   (Table	   2.1)	   accounts	   for	   its	   impact	   on	   cell	  
adhesion,	  bead	  aggregation,	  and	  force	  measurements.	  The	  estimated	  affinity	  of	  the	  
W2A	  mutants	  for	  wild	  type	  cadherin	   is	  an	  order	  of	  magnitude	  lower	  than	  that	  of	  
CEC12-­‐Fc	  fragment	  and	  more	  than	  three	  orders	  of	  magnitude	  lower	  than	  CEC1245-­‐
Fc	   (Table	   2.1).	   	   The	   substantial	   affinity	   reduction	   caused	   by	   this	   substitution	   is	  
consistent	  with	  the	  critical	  role	  of	  W2	  in	  cadherin	  adhesion,	  although	  the	  residual	  
binding	  also	  supports	  the	  existence	  of	  other	  adhesion	  sites	  on	  the	  ectodomain [59].	  
Structure-­‐based	   models	   postulate	   that	   cadherin-­‐mediated	   cell	   adhesion	  
only	  requires	  the	  strand	  exchange	  between	  W2	  residues	  and	  hydrophobic	  pockets	  
on	   opposite	   EC1	   domains.	   This	   is	   equivalent	   to	   the	   receptor-­‐ligand	   binding	  
reaction	  described	  by	  equation	  1,	  and	  would	  only	  result	  in	  simple	  binding	  kinetics,	  
as	   shown	   in	   Figures	   2.6	   and	   2.8.	   	   Although	   we	   have	   not	   yet	   determined	   the	  
detailed	   reaction	  mechanism	   and	   kinetic	   rates	   for	   all	   steps	   in	   the	   biphasic	   time	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course,	   the	  simple	  strand	  exchange	  mechanism	  would	  not	  account	   for	  either	   the	  
two-­‐stage	  binding	  time	  course	  or	  its	  dependence	  on	  the	  presence	  of	  either	  EC3	  or	  
EC3-­‐5	  domains.	  	  
In	   summary,	   these	   kinetic	  measurements	   of	   single	   cell	   interactions	   show	  
that	  cadherin-­‐mediated	  binding	  occurs	  in	  a	  two-­‐stage	  process	  that	  is	  independent	  
of	   the	   cytoplasmic	  domain.	   	  The	  biphasic	  kinetics	   requires	  multiple	   extracellular	  
domains:	   namely,	   the	   first,	   fast-­‐forming	   binding	   state	   requires	   EC12,	   but	   the	  
slower,	  high	  probability	  binding	  state	  requires	  EC3.	  By	  contrast,	  W2A,	  CEC12,	  and	  
CEC1245	   all	   exhibit	   monophasic	   binding	   time	   courses	   characteristic	   of	   a	   simple	  
binding	  mechanism.	  	  However,	  kinetic	  analyses	  also	  show	  that	  the	  formation	  of	  a	  
single,	   mutual	   bond	   between	   full-­‐length	   ectodomains	   would	   not	   generate	   the	  
biphasic	  reaction	  time	  course	  observed	  in	  these	  measurements.	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Chapter	  3	  	  
Cadherin	  Specificity-­‐	  Interactions	  Between	  
Different	  Classical	  Cadherins*	  
 
*	  Matthew	  D.	  Langer	  composed	  models	   for	  the	  first	  step	   in	  the	  cadherin	  binding	  
time	   course	   and	   also	   contributed	   to	   the	   data	   fitting	   to	   determine	   the	   two-­‐
dimensional	   affinity	   and	   bond	   dissociation	   rate	   from	   the	   micropipette	  
measurement.	  	  
	  
3.1	  Introduction	  
Cadherin	  subtype	  differences	  are	  important	  in	  cell	  recognition,	  cell	  sorting,	  
and	   tissue	   morphogenesis [1,2].	   Initially,	   cell	   aggregation	   studies	   showed	   that	  
differences	  between	  cadherin	  subtypes	  drive	  cells	  to	  sort	  in	  vitro,	  and	  also	  showed	  
that	   the	   EC1	   domain	   controls	   the	   aggregation	   specificity	   of	   cadherin-­‐expressing	  
cells	   [5,18].	   Further	   studies	   involving	  other	   cadherin	   subtypes	  demonstrated	   that	  
cells	   expressing	   different	   subtypes	   did	   not	   always	   sort	   out.	   The	   in	   vitro	   sorting	  
results	  also	  showed	  that	  groups	  of	  cells	  expressing	  the	  same	  cadherin	  subtype	  but	  
with	  a	  25	  %	  difference	  in	  cadherin	  expression	  level	  would	  also	  sort	  out [21].	   	  The	  
differential	   adhesion	  hypothesis	   (DAH)	  predicts	   that	  both	  the	   cadherin	   subtypes	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and	   the	   surface	   expression	   levels	   direct	   cell	   sorting	   [21].	   Recent	   finding	   on	   the	  
sorting	   of	   zebrafish	   embryo	   germ	   layers	   suggests	   that	   membrane	   tension	   also	  
affects	  cell	  sorting	  results	  [25,26].	  
The	   Surface	   Force	   Apparatus	   (SFA)	   has	   been	   used	   to	   study	   the	   adhesion	  
energies	   between	   ectodomains	   of	   the	   classical	   cadherins,	   including	   Xenopus	   C-­‐
cadherin,	   canine	   E-­‐cadherin	   and	   chicken	   N-­‐cadherin.	   To	   complement	   these	  
biophysical	  measurements,	  CHO	  cells	  that	  expressed	  these	  cadherin	  were	  used	  in	  
both	   cell	   aggregation	   and	   cell	   sorting	   assays.	   The	   micropipette	   manipulation	  
methods,	  which	  I	  used	  in	  chapter	  2	  to	  quantify	  C-­‐cadherin	  bond	  properties,	  would	  
also	  be	  used	   to	  determine	   the	  bond	  affinity	   and	  dissociation	   rate	   constant.	   	  The	  
resultant	   affinities	   would	   be	   compared	   to	   the	   SFA	   measurements.	   The	  
micropipette	   manipulation	   method	   uses	   full-­‐length	   cadherins	   on	   living	   cells	  
instead	  of	  cadherin	  ectodomains,	  which	  were	  used	  in	  SFA.	  	  
Another	  difference	  among	  the	  several	  subtypes	  of	  cadherins	  arises	  from	  the	  
down	  stream	  signaling	  regulated	  by	  the	  cytoplasmic	  tail.	   	  It	  has	  been	  known	  that	  
both	  the	  E-­‐cadherin	  and	  C-­‐cadherin	  homophilic	  interaction	  increased	  the	  amount	  
of	  active	  Rac1	  inside	  cells,	  while	  the	  N-­‐cadherin	  homophilic	  interaction	  increased	  
RhoA	   signaling	   [49,51,52].	   Recently,	   p120	   was	   found	   to	   regulate	   Rac1	   and	   RhoA	  
activity	  through	  p190RhoGAP	  [45],	  which	  activate	  the	  GTPase	  activity	  of	  Rho	  and	  
turn	   the	   Rho	   into	   the	   inactive	   GDP-­‐bound	   form.	   	   Rac1	   and	   RhoA	   are	   both	   Rho	  
family	   GTPases,	   which	   are	   activated	   by	   GTP	   binding.	   The	   Rho	   Family	   GTPases	  
regulate	  cell	   signaling	  by	  switching	  between	  the	  active	  GTP-­‐bound	   form	  and	  the	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inactive	   GDP-­‐bound	   form	   [47].	   Those	   proteins	   regulate	   the	   actin	   cytoskeleton	  
arrangement	   inside	   cells.	   RhoA	   activates	   focal	   adhesions,	   actin	   stress	   fiber	  
formation,	  and	  promotes	  cell	  proliferation;	  on	  the	  other	  hand,	  Rac1	  enhances	  cell	  
spreading,	  membrane	  ruffling,	  cell	  migration,	  and	  activates	  actin	  assembly	  at	  cell-­‐
cell	  contact	  [47,49].	  Rac1	  activity	  counteracts	  RhoA	  through	  the	  Bar-­‐Sagi	  pathway	  
[46].	  	  Clearly,	  cadherins	  regulate	  the	  Rho	  GTPases	  differently.	  	  
Our	   lab	   has	   used	   canine	   E-­‐cadherin	   expressing	   CHO	   cells	   (E-­‐CHO)	   and	  
chicken	  N-­‐cadherin	  expressing	  CHO	  cells	  (N-­‐CHO)	  to	  study	  Rac1	  activation	  when	  
these	  cells	  are	  spread	  on	  surfaces	  coated	  with	  recombinant	  extracellular	  domains	  
of	   Xenopus	   C-­‐cadherin,	   chicken	   N-­‐cadherin	   or	   canine	   E-­‐cadherin.	   The	   results	  
demonstrated	   greater	   Rac1	   activation	   in	   E-­‐CHO	   engaged	   via	   homophilic	   bonds	  
than	  by	  heterophilic	  bonds.	  Conversely,	  N-­‐CHO	  exhibited	  little	  Rac1	  activation	  on	  
on	   all	   of	   the	   cadherin-­‐coated	   surfaces.	   In	   this	   chapter,	   I	   completed	   studies	   of	  
observation	   of	   Rac1	   activation	   in	   C-­‐CHO	   when	   cultured	   on	   different	   cadherin	  
substrates.	  	  
This	  chapter	  brings	  together	  findings	  from	  micropipette	  measurements	  and	  
Rac1	   activation.	   Together	   these	   findings	   provide	   insights	   into	   the	   interplay	  
between	  cadherin	  binding	  and	  signaling,	  and	  their	  possible	  roles	  in	  cell	  sorting.	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3.2	  Materials	  and	  Methods	  
	  
3.2.1	  Cell	  Lines,	  Plasmids	  and	  Antibodies	  
The	   stably	   transfected	   C-­‐cadherin	   expressing	   cell	   line	   (C-­‐CHO)	   was	  
constructed	  as	  described	  in	  chapter	  2.	  C-­‐CHO	  cells	  were	  selected	  and	  cultured	  in	  
Glasgow	  MEM	  medium	  containing	   10%	  dialyzed	   fetal	  bovine	   serum	   (FBS)	   in	   the	  
presence	   of	   25	  mM	  methionine	   sulfoximine	   (Sigma-­‐Aldrich,	   St	   Louis,	  MO)	   [91].	  
The	  cDNA	  encoding	  the	  full-­‐length	  chicken	  N-­‐cadherin	  in	  the	  pEGFP-­‐N1	  plasmid	  
was	  provided	  by	  Dr.	  Andre	  Sobel	  (Institut	  du	  Fer	  a	  Moulin;	  Gif-­‐sur-­‐Yvette,	  France).	  
The	   canine	   E-­‐cadherin	   in	   pEGFP-­‐N1	   plasmid	   was	   a	   gift	   from	   Dr.	   James	   Nelson	  
(Stanford	  University,	  Palo	  Alto,	  CA).	  These	  plasmids	  were	  used	  to	  produce	  stable	  
CHO	   cell	   lines	   expressing	   N-­‐cadherin	   (N-­‐CHO)	   and	   E-­‐cadherin	   (E-­‐CHO).	   Cell	  
transfections	  with	  plasmids	   are	  described	   in	   chapter	   2,	   section	  2.1.	  CHO-­‐K1	   cells	  
expressing	  the	  full-­‐length	  chicken	  N-­‐cadherin	  were	  cultured	  in	  Dubelco’s	  Modified	  
Eagle’s	  Medium	   (DMEM)	  containing	   10%	  FBS	  and	   selected	  with	  400	  µg/ml	  G418	  
(Sigma-­‐Aldrich,	   St	   Louis,	   MO).	   The	   selection	   agent	   was	   used	   for	   at	   least	   four	  
weeks.	  The	  cadherin	  expression	  levels	  of	  the	  cell	  lines	  were	  further	  determined	  by	  
flow	  cytometry	  and	  immuno-­‐blotting.	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3.2.2	  Western	  Blotting	  
Cells	  were	  analyzed	  for	  relative	  amounts	  of	  expressed	  cadherin	  by	  Western	  
blotting.	  The	  cadherin	  expression	  was	  normalized	  relative	  to	  β-­‐actin.	  	  In	  addition,	  
cadherin	  was	  compared	  with	  β-­‐catenin	  expression	  [19].	  Briefly,	  cadherin	  expressing	  
CHO	  cells	  were	  lysed	  with	  “lysis	  buffer”	  (1	  %	  v/v	  NP-­‐40,	  150	  mM	  NaCl,	  20	  mM	  Tris,	  
pH	  7.6,	  1	  mM	  EDTA	  and	  protease	  inhibitor	  cocktail	  from	  Roche	  Applied	  Science,	  
Indianapolis,	   IN).	   Solutions	   were	   clarified	   by	   centrifugation	   at	   16,000	   x	   g	   for	   10	  
minutes	   by	   Eppendorf	   5415C	   Centrifuge	   (Eppendorf,	   Westbury,	   NY).	   The	   total	  
protein	  concentration	   in	   the	   lysates	  was	  determined	  with	   the	  BCA	  Protein	  Assay	  
(Pierce	   Biotechnology,	   Rockford,	   IL).	  Western	   blotting	   was	   performed	   with	   the	  
same	  total	  amount	  of	  protein	  from	  the	  lysate	  of	  each	  cadherin-­‐expressing	  cell	  line.	  
Proteins	   were	   separated	   by	   SDS-­‐PAGE	   using	   7.5%	   bis	   acrylamide	   gels	   (Bio-­‐Rad	  
Laboratories,	  Hercules,	  CA),	  and	  then	  transferred	  to	  a	  Hybond	  ECL	  membrane	  (GE	  
Healthcare,	   Piscataway,	   NJ).	   The	   relative	   amount	   of	   cadherin,	   β-­‐actin,	   and β-­‐
catenin	   was	   determined	   by	   immuno-­‐blotting	   with	   the	   corresponding	   primary	  
antibodies	   and	   peroxidase-­‐conjugated	   secondary	   antibodies.	   The	   immunoblot	  
signals	   were	   then	   quantified	   by	   densitometry	   with	   the	   Quantity	   One	   Analysis	  
Software	  (Bio-­‐Rad	  Laboratories,	  Hercules,	  CA).	  	  	  
The	   monoclonal	   N-­‐cadherin	   antibody,	   β-­‐actin	   antibody,	   goat	   anti-­‐mouse	  
peroxidase	  conjugated	  antibody,	  goat	  anti-­‐rabbit	  peroxidase	  conjugated	  antibody,	  
and	  mouse	  anti-­‐goat	  peroxidase	  conjugated	  antibody	  were	  from	  Sigma-­‐Aldrich	  (St.	  
Louis,	  MO).	  The	  monoclonal	  E-­‐cadherin	  and	  β-­‐catenin	  antibodies	  were	   from	  BD	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Biosciences	   (San	   Jose,	   CA)	   while	   the	   goat	   anti-­‐C-­‐cadherin	   was	   from	   Santa	   Cruz	  
Biotechnology	  (Santa	  Cruz,	  CA).	  
	  
3.2.3	  in	  vitro	  Cell	  Aggregation	  (Shaking)	  Assay	  	  
The	   cell	   aggregation	   assays	   were	   performed	   as	   described [5,9].	   	   The	   cells	  
were	   initially	   detached	   from	   culture	   plates	   with	   0.01%	   v/v	   trypsin	   (Invitrogen,	  
Carlsbad,	  CA)	  in	  Hanks’	  balanced	  salt	  solution	  (HBSS)	  (Invitrogen,	  Carlsbad,	  CA)	  
supplemented	  with	   1	  mM	  CaCl2	   and	   2%	  bovine	   serum	   albumin	   (BSA).	   The	   cells	  
were	   washed	   and	   resuspended	   in	  HBSS	   with	   0.5	  mM	   EDTA	   and	   2%	   BSA.	   They	  
were	   stained	   with	   the	   membrane	   dyes	   DiI	   and	   DiO	   (Molecule	   Probes,	   Eugene,	  
OR),	  rinsed,	  and	  then	  re-­‐suspended	  in	  HBSS	  supplemented	  with	  1	  mM	  CaCl2	  and	  
2%	  BSA,	   to	  give	  2	  x	   106	  cell/ml.	   	   In	  24-­‐well	  plates,	  0.5	  ml	  of	  each	  cell	  population	  
was	  mixed,	   and	   the	   plates	  were	   agitated	   in	   the	  water-­‐bath	   shaker	   (Innova	   3100,	  
New	  Brunswick,	  Edison,	  NJ)	  (37	  oC)	  at	  160	  rpm	  for	  1	  hour.	  The	  cells	  were	  then	  fixed	  
in	   2%	   paraformaldehyde	   and	   imaged	   with	   a	   Zeiss	   Axiovert	   200M	   fluorescence	  
microscope	  (Thornwood,	  NY)	  with	  a	  10X	  objective.	  
	  
3.2.4	  in	  vitro	  Cell	  Sorting	  (Hanging	  Drop)	  Assay	  
Cell	  sorting	  measurements	  were	  conducted	  with	  the	  hanging	  drop	  method,	  
following	   published	   procedures	   [21].	   CHO	   cells	  with	   similar	   cadherin	   expression	  
levels	   were	   detached	   from	   the	   culture	   plates	   with	   0.01	   w/v%	   trypsin	   in	   Hank’s	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medium	  (Invitrogen,	  Carlsbad,	  CA)	  supplemented	  with	  1mM	  CaCl2	   [5].	  Cells	  were	  
labeled	  with	   fluorescent	  dye	   (DiI	   or	  DiO;	  Molecule	   Probes)	   in	  PBS	  with	  0.5	  mM	  
EDTA	  and	  1	  w/v%	  BSA.	  The	  cell	  concentration	  was	  adjusted	  to	  1	  x	  106	  cell/ml	  with	  
PBS	  supplemented	  with	  2	  w/v%	  BSA	  and	  2	  mM	  CaCl2.	  A	  10-­‐ml	  aliquot	  of	  each	  of	  
the	  two	  populations	  of	  cadherin-­‐expressing	  CHO	  cells	  was	  mixed	  on	  the	  top	  lid	  of	  
the	  10-­‐cm	  Petri	  dish.	  The	  lower	  dish	  contained	  10	  ml	  of	  PBS	  (Invitrogen,	  Carlsbad,	  
CA).	  The	  hanging	  drops	  were	  then	  placed	  in	  an	  incubator	  at	  37°C	  and	  maintained	  
under	  5%	  CO2	  for	  incubation	  periods	  of	  up	  to	  48	  h.	  Cells	  were	  fixed	  with	  2	  v/v	  %	  of	  
paraformaldehyde,	  and	  the	  aggregates	  were	  imaged.	  
	  
3.2.5	  Preparation	  of	  GST	  Linked	  PAK-­‐PBD	  Fusion	  Protein	  
The	  Glutathione-­‐S-­‐Transferase	  (GST)	  linked	  p21	  activation	  kinase	  (PAK)	  p21	  
binding	   domain	   (PBD)	   expression	   plasmid	   was	   a	   gift	   from	  Dr.	   Ying	   Xiao	  Wang	  
(University	  of	   Illinois,	  Urbana,	   IL).	  About	  5	  pg	  of	  plasmid	  was	  used	  to	   transform	  
the	  competent	  E.	  Coli	  cells	  DH5α.	  I	  used	  a	  published	  protocol	  to	  purify	  the	  fusion	  
protein	  from	  transformed	  E.	  coli	  [99].	  Briefly,	  a	  single	  colony	  of	  the	  fusion-­‐protein	  
producing	  E	  coli	  was	  inoculated	  in	  1	  ml	  LB	  medium	  (Invitrogen,	  Carlsbad,	  CA)	  with	  
100	  µg/ml	  ampicillin	   (Sigma-­‐Aldrich,	  St.	  Louis,	  MO)	  and	   incubated	  at	  37	  °C	  with	  
shaking	   for	   overnight.	   Then	   the	   culture	   was	   transferred	   to	   1	   L	   ampicillin	   (100	  
µg/ml)	  containing	  LB	  medium	  and	  cultured	  at	  37	  °C	  with	  shaking	  until	  the	  optical	  
density	  (OD)	  of	  the	  culture	  medium	  reached	  0.6	  to	  0.8.	  The	  E	  coli	  in	  the	  medium	  
were	  then	  induced	  by	  addition	  of	  100mg	  of	  isopropyl-­‐β-­‐galactosidase	  (IPTG)	  per	  1	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L	  culture	  medium	  (Sigma-­‐Aldrich,	  St.	  Louis,	  MO).	  The	  culture	  was	  then	  incubated	  
at	  30	  °C	  with	  shaking	  for	  3	  hours	  for	  protein	  production.	  	  
For	  protein	  purification,	  all	   sample	  containers	  and	  solutions	  were	  kept	  on	  
ice.	  The	  E.	  coli	  cells	  were	  collected	  by	  centrifugation	  at	  4oC	  and	  1950	  x	  g	  in	  a	  Sorvall	  
super-­‐speed	   centrifuge	   (Thermo	   Scientific)	   equipped	  with	   an	   SS-­‐34	   rotor.	  E.	   coli	  
cells	   were	   resuspended	   in	   10ml	   of	   chilled	   lysis	   buffer	   (50mM	   Tris-­‐HCl,	   150mM	  
NaCl,	   5mM	  MgCl2,	   1mM	  dithiothretiol	   (DTT),	   1mM	  EDTA,	   1mg/ml	   lysozyme,	   20	  
µg/ml	   DNaseI,	   0.1%	   v/v	   Triton-­‐X,	   pH	   7.5)	   containing	   Roche	   complete	   protease	  
inhibitors	  (Roche	  Pharmaceuticals,	  Switzerland),	  and	  incubated	  for	  30	  minutes	  on	  
ice.	  During	   the	   incubation,	   the	  E	  coli	   solution	  was	  sonicated	   for	   1	  minute	   in	   ice-­‐
cold	  water	  at	  10	  minute	  intervals,	  in	  order	  to	  lyse	  the	  bacteria	  completely.	  After	  the	  
incubation,	   the	   lysate	   was	   clarified	   by	   centrifugation	   in	   a	   Sorvall	   super-­‐speed	  
centrifuge	   (Thermo	   Scientific)	   at	   4oC	   at	   7800	   x	   g	   for	   10	   minutes	   with	   an	   SS-­‐34	  
rotor.	  	  	  
The	   fusion	   protein	   was	   purified	   from	   the	   lysate	   by	   adding	   1.5	   ml	   of	  
glutathione	   Sepharose	   4B	   beads	   (GE	   Healthcare	   Bio-­‐Sciences,	   Sweden).	   	   All	  
purification	   steps	   were	   conducted	   in	   a	   refrigerated	   room	   at	   4°C,	   although	   all	  
solutions	   were	   still	   kept	   on	   ice.	   The	   beads	   were	   washed	   three	   times	   by	  
centrifugation	   and	   resuspension	   with	   ice-­‐cold	   lysis	   buffer	   for	   10	   minutes	   before	  
use.	  	  After	  washing,	  the	  beads	  were	  collected	  by	  centrifugation	  at	  14000	  x	  g	  for	  30	  
seconds	   with	   Eppendorf	   Centrifuge	   5415C	   (Eppendorf,	   Westbury,	   NY).	   	   The	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clarified	  lysate	  was	  then	  incubated	  with	  the	  washed	  beads	  for	  2	  hours	  at	  4°C	  with	  
gentle	  shaking.	  	  
After	   the	   incubation,	   the	   beads	   with	   bound	   protein	   were	   collected	   by	  
centrifugation	  at	  14000	  x	  g	  for	  30	  sec	  with	  Eppendorf	  Centrifuge	  5415C	  (Eppendorf,	  
Westbury,	  NY).	  The	  beads	  were	   then	  washed	   five	   times	   for	   10	  minutes	  with	   ice-­‐
cold	  washing	  buffer	  (50	  mM	  Tris-­‐HCl,	  150	  mM	  NaCl,	  5	  mM	  MgCl2,	  1	  mM	  DTT,	  pH	  
7.5)	  containing	  Roche	  complete	  protease	  inhibitors.	  After	  washing,	  the	  beads	  were	  
retrieved	   by	   centrifugation	   at	   14000g	   for	   30	   seconds.	   After	   the	   final	   wash	   and	  
before	  use,	  the	  beads	  were	  stored	  at	  -­‐80	  oC	  in	  washing	  buffer	  containing	  10%	  (v/v)	  
glycerol.	  	  
	  
3.2.6	  Rac1	  Pull	  Down	  Assay	  
The	   assay	   was	   conducted	   as	   described	   before	   [51,99].	   Non-­‐tissue	   10	   cm	  
culture	  polystyrene	  plates	  (Fisher	  Scientific,	  Pittsburgh,	  PA)	  were	  coated	  with	  150	  
µg	  immunoglobulin	  Fc	  domain	  tagged	  cadherin	  ectodomain	  in	  5	  ml	  HEPES	  buffer	  
(20	  mM	  HEPES,	  150	  mM	  NaCl,	  5	  mM	  CaCl2,	  1	  mM	  MgCl2,	  pH	  7.5).	  The	  plates	  were	  
incubated	  at	  room	  temperature	  for	  1	  hour	  and	  then	  stored	  at	  4oC	  before	  use.	  	  	  The	  
protein	   coverages	   achieved	   with	   this	   procedure	   were	   estimated	   by	   radioisotope	  
labeling	   [53].	   For	   each	   time	  point	   in	   the	  Rac	  assay,	   two	  plates	  were	  prepared;	   in	  
order	  to	  collect	  enough	  activated	  Rac1	  for	  Western	  blot	  analysis.	  	  
The	  cadherin-­‐coated	  plates	  were	  washed	  three	  times	  with	  HEPES	  buffer	  and	  
then	  equilibrated	  with	  serum-­‐free,	  phenol	   red-­‐free	  DMEM	  at	  37oC	   for	  at	   least	  30	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minutes	  prior	  to	  usage.	  The	  GST-­‐PBD	  beads	  were	  washed	  twice	  with	  ice-­‐cold	  lysis	  
buffer	  (50	  mM	  Tric-­‐HCl	  (pH7.5),	  10	  mM	  MgCl2,	  200	  mM	  NaCl,	  1%	  (v/v)	  Nonidet	  P-­‐
40,	  5%	  (v/v)	  glycerol,	  and	  Roche	  complete	  protease	  inhibitors)	  for	  10	  minutes	  with	  
gentle	  shaking	  in	  the	  refrigerated	  room.	  For	  each	  wash,	  the	  beads	  were	  incubated	  
with	  300	  µl	  ice-­‐cold	  lysis	  buffer	  for	  10	  minutes	  with	  gentle	  shaking.	  A	  30	  µl	  aliquot	  
of	   beads	   was	   prepared	   for	   each	   time	   point.	   The	   beads	   were	   then	   collected	   by	  
centrifugation	  at	  14000	  x	  g	  at	  4oC,	  and	  the	  supernatant	  was	  discarded.	  
Cadherin	  expressing	  cells	  were	  maintained	  at	  confluence	   for	  2	  days	  before	  
the	  experiment.	  The	  cells	  were	  detached	  from	  the	  culture	  plates	  with	  0.01%	  trypsin	  
in	  1X	  HBSS	  supplemented	  with	  1	  mM	  CaCl2	  to	  maintain	  the	  stability	  of	  cadherins	  
on	  the	  cell	   surface	   [5].	  The	  cells	  were	   then	  collected	  by	  centrifugation	  at	   120	  x	  g	  
with	  Eppendorf	  Centrifuge	  5810	  (Eppendorf,	  Westbury,	  NY)	  for	  10	  minutes	  at	  37	  oC,	  
and	  then	  re-­‐suspended	  in	  serum-­‐free	  DMEM.	  About	  3-­‐4x106	  cells	  were	  seeded	  on	  
one	   cadherin-­‐coated	   plate.	   The	   same	   amounts	   of	   suspended	   cells	   were	   also	  
collected	  and	  lysed	  as	  the	  time	  zero	  control.	  After	  the	  desired	  incubation	  time	  in	  a	  
37oC	  incubator,	  the	  plates	  were	  moved	  to	  the	  cold	  room	  and	  cells	  were	  washed	  two	  
times	  with	  ice-­‐cold	  HEPES	  buffer.	  For	  each	  plate,	  the	  cells	  were	  lysed	  with	  750	  µl	  
of	   ice-­‐cold	   lysis	  buffer	  and	  then	  removed	   from	  the	  plate	  with	  a	  cell	   scraper.	  The	  
lysate	  was	  then	  clarified	  by	  centrifugation	  at	  14000	  x	  g	  for	  2	  minutes.	  Then	  20	  µl	  of	  
the	  clarified	  lysate	  was	  removed	  for	  total	  Rac	  determination.	  The	  remaining	  lysate	  
was	   incubated	  with	  30	  µl	  of	  GST-­‐PBD	  beads	   for	  one	  hour	  with	  gentle	  shaking	  at	  
4oC.	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After	  the	  incubation,	  the	  GST-­‐PBD	  bead	  slurry	  was	  washed	  three	  times	  with	  
ice-­‐cold	   lysis	  buffer.	  For	  each	  wash	  the	  beads	  was	   incubated	  with	  300	  µl	   ice-­‐cold	  
lysis	   buffer	   for	   10	   minutes	   with	   gentle	   shaking.	   After	   the	   final	   wash	   step,	   the	  
amount	  of	  Rac-­‐GTP	   is	  determined	  by	  Western	  blot,	   using	   the	   anti-­‐Rac	   antibody	  
(Cytoskeleton	  Inc.,	  Denver,	  CO).	  	  
	  
3.2.7	   Micropipette	   Measurements:	   Data	   Fitting	   and	  
Parameter	  Estimation	  
I	   previously	   showed	   that	   CHO-­‐cells	   expressing	   cadherins	   at	   low	   density	  
exhibit	   two-­‐stage	   binding	   kinetics	   in	   which	   there	   is	   an	   initial	   fast	   binding	   step	  
followed	  by	  a	  2-­‐5s	   lag	  and	  slower	   transition	  to	  a	  higher	  probability	  binding	  state	  
[100].	  	  In	  earlier	  studies	  with	  deletion	  mutants,	  I	  mapped	  the	  fast,	  first	  step	  to	  the	  
first	  EC1	  domain	  and	  demonstrated	  that	  the	  second,	  slow	  phase	  requires	  the	  third	  
EC	  domain	  (EC3).	  	  Because	  the	  EC1	  domain	  is	  postulated	  to	  embed	  the	  specificity	  -­‐
determining	   region,	   we	   focused	   our	   analyses	   on	   the	   first,	   fast	   EC1-­‐dependent	  
binding	  step,	  which	  comprises	  the	  fast	  initial	  rise	  to	  the	  first	  plateau	  P1	  at	  t	  <	  5s.	  
Two	  models	  were	  tested,	  in	  order	  to	  fit	  the	  first	  kinetic	  stage	  of	  the	  binding	  
time	  course.	  	  First,	  the	  two	  dimensional	  affinity	  and	  dissociation	  rate	  for	  the	  initial	  
binding	  step	  were	  determined	  by	  fitting	  the	  data	  to	  a	  model	  for	  a	  simple,	  one	  step	  
reaction.	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For	  this	  simple	  reaction,	  the	  analytical	  expression	  for	  the	  time-­‐dependence	  of	  the	  
is	  given	  by	  Equation	  2.2:	  
! 
P =1" exp " mLmRACKa 1" exp "krt{ }( )[ ]( )                                                               (Eq.	  2.2)	  
The	   affinity	   and	   the	   reverse	   reaction	   rate	  parameters	  were	   estimated	  using	  non-­‐
linear	  least	  squares	  regression	  (OriginLab,	  Northampton,	  MA).	  
A	  second	  model	  proposed	  by	  Chen	  et	  al. [101]	  considers	  a	  sequential	  strand	  
exchange	  process	  involving	  the	  equilibrium	  (1)	  between	  W2	  docked	  to	  the	  binding	  
pocket	  of	  the	  same	  molecule	  and	  an	  undocked	  state,	  and	  (2)	  a	  second	  equilibrium	  
between	  two	  opposing	  EC1	  domains	  with	  undocked	  W2	  and	  a	  complex	  where	  both	  
strands	   are	   exchanged.	   Instead	   of	   treating	   both	   strand	   swaps	   as	   a	   simultaneous	  
event,	  here	  we	  treated	  the	  second	  strand	  swap	  as	  being	  similar	  to	  the	  self-­‐docking	  
reaction,	   since	   the	   proximity	   would	   be	   forced	   by	   the	   first	   strand	   exchange.	   	   A	  
system	   of	   differential	   equations	   describing	   the	   second	   model	   was	   solved	  
numerically	  with	  Matlab	   (Mathworks,	  Natick,	  MA).	   	   Three	   kinetic	   parameters—
the	  forward	  rate	  of	  self-­‐docking,	  the	  forward	  rate	  of	  the	  first	  strand	  exchange,	  and	  
the	  reverse	  rate	  of	  docking—were	  estimated	  from	  the	  data,	  using	  non-­‐linear	  least	  
squares	  regression.	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An	   F-­‐test	   was	   used	   to	   determine	   whether	   the	   second	   model	   better	  
described	  the	  observed	  results	  than	  the	  simple	  binding	  model	  (Equation	  2.2).	  	  The	  
F-­‐test	  compared	  the	  sum	  of	  squared	  residuals	  found	  for	  each	  fit,	  and	  accounted	  for	  
the	   fact	   that	   the	   simple	   model	   (Equation	   2.2),	   by	   virtue	   of	   having	   one	   less	  
parameter,	  has	  one	  more	  degree	  of	  freedom.	  
 
3.2.8	   Defining	   the	   First	   Plateau	   in	   Binding	   Probability	  
Curves	  
The	  application	  of	  a	  non-­‐linear	  “lack	  of	  fit”	  test	  [102]	  was	  used	  to	  rigorously	  
define	   the	   amplitude	  of	   the	   first	  plateau	   in	   the	  probability	   curve.	  This	   compares	  
the	   spread	   in	   the	   individual	   data	   points,	   at	   each	   time	   point	   to	   the	   difference	  
between	   the	  model	   and	   the	   average	   of	   the	   data	   at	   each	   time	   point.	   	  When	   the	  
difference	  between	  the	  model	  and	  data	  exceed	  the	  spread	  in	  the	  data,	  as	  evaluated	  
from	   the	   F-­‐distribution,	   the	   model	   is	   rejected.	   The	   binding	   probability	  
corresponding	  to	   the	   first	  plateau	  was	   then	  calculated,	  by	   including	  the	  maximal	  
number	  of	  time	  points	  before	  the	  model	  deviated	  from	  the	  data.	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3.3	  Adhesion	  Specificity	  of	  Cadherin	  Expressing	  Cells	  
	  
3.3.1	  Results	  of	  in	  vitro	  Cell	  Aggregation	  Assay	  
Xenopus	   C-­‐cadherin,	   canine	   E-­‐cadherin	   and	   Chicken	   N-­‐cadherin	   were	  
expressed	  on	  the	  surfaces	  of	  CHO	  cells.	  	  The	  surface	  expression	  levels	  of	  cadherins	  
on	  CHO	  cells	  were	  measured	  by	  quantitative	  flow	  cytometry	  (chapter	  2.2.3).	   	  The	  
density	  of	  C-­‐cadherin	  on	  C-­‐CHO	  was	  31	  molecules/µm2,	  of	  N-­‐cadherin	  on	  N-­‐CHO	  
was	   31	   molecules/µm2,	   and	   of	   E-­‐cadherin	   on	   E-­‐CHO	   was	   34	   molecules/µm2.	  
Cadherin	  expression	  was	  also	  checked	  with	  antibody	  against	  each	  cadherin	  (Figure	  
3.1). β-­‐catenin	  expression	  levels	  were	  further	  checked	  since	  β-­‐catenin	  is	  expressed	  
stoichiometrically	   with	   cadherin	   in	   CHO	   cells [19].	   The	   β-­‐actin	   expression	   level	  
was	  used	  as	  an	  internal	  reference.	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Figure	   3.1:	   Western	   blot	   results	   from	   cadherin	   expressing	   cells.	   (A)	   The	  
expression	   of	   C-­‐,	   E-­‐,	   and	  N-­‐cadherin	   in	  CHO	   cells	  was	   detected	   by,	   respectively	  
anti	   C-­‐cadherin	   antibody,	   anti	   E-­‐cadherin	   and	   anti	   N-­‐cadherin.	   The	   expression	  
level	   was	   further	   checked	   relative	   to	   β-­‐catenin	   with	   an	   anti-­‐β-­‐catenin	   antibody.	  
The	  protein	  expression	   level	   in	  each	  cell	   line	  was	  normalized	  by	  β-­‐actin.	   (B)	  The	  
normalized	   expression	   levels	   of	   cadherin	   and	   β-­‐catenin	   in	   each	   cadherin	  
expressing	   cell	   line.	   	   The	   different	   cadherin	   expression	   levels	   were	   further	  
normalized	  relative	  to	  the	  protein	  expression	  level	  in	  C-­‐CHO.	  
	  
The	  aggregation	  specificity	  of	  cadherin	  expressing	  cells	  was	  tested	  with	  the	  
cell	  aggregation	  assay.	  The	  results	   show	  that	  N-­‐CHO	  sorted	  out	   from	  C-­‐CHO,	  to	  
form	  separate	  aggregates,	  while	  E-­‐CHO	  intermixed	  with	  both	  N-­‐CHO	  and	  C-­‐CHO	  
(Figure	   3.2)	   The	   results	   indicated	   that	   the	   cadherin	   subtype	   on	   the	   cell	   surface	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influences	  the	  aggregation	  results.	  Other	  groups	  used	  the	  cell	  aggregation	  assay	  to	  
determine	   the	   interaction	   specificity	   of	   cadherin	   expressing	   cells,	   and	   similarly	  
found	   that	   cadherin	   subtypes	   determined	   the	   aggregation	   outcomes,	   although	  
many	  did	  not	  control	  for	  the	  cadherin	  expression	  level	  [5,19,56].	  This	  method	  was	  
therefore	   used	   in	   subsequent	  measurements	   with	   these	   three	   cell	   lines,	   and	   the	  
surface	  expression	  levels	  were	  similar	  in	  all	  cases.	  	  
	  
	  
	  
Figure	  3.2:	  Results	  of	   cell	  aggregation	  assays.	  Cell	   aggregation	  measurements	  
were	  done	  with	  the	  following	  cell	  pairs	  (A)	  C-­‐CHO	  and	  N-­‐CHO.	  The	  C-­‐CHO	  were	  
labeled	  with	  red	  dye	  (DiI)	  and	  N-­‐CHO	  were	  labeled	  with	  green	  dye	  (DiO)	  (B)	  C-­‐
CHO	  and	  E-­‐CHO.	  The	  C-­‐CHO	  were	   labeled	  with	  red	  dye	  (DiI)	  and	  E-­‐CHO	  were	  
labeled	  with	  green	  dye	  (DiO).	  (C)	  E-­‐CHO	  and	  N-­‐CHO.	  The	  N-­‐CHO	  were	  labeled	  
with	  red	  dye	  (DiI)	  and	  E-­‐CHO	  were	   labeled	  with	  green	  dye	  (DiO).	  The	  cadherin	  
expression	  level	  for	  C-­‐	  E-­‐	  and	  N-­‐CHO	  cells	  are	  31,	  34,	  and	  31	  molecules/µm2.	  	  The	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cells	  were	  mixed	  in	  a	  24-­‐well	  plate	  at	  cell	  densities	  of	  ~	  106	  cells	  per	  well.	  The	  cells	  
were	  shaken	  at	  160	  rpm	  for	  one	  hour	  before	  fixing	  and	  fluorescence	  imaging.	  	  	  
	  
3.3.2	  Results	  of	  in	  vitro	  Cell	  Sorting	  Assay	  
The	  same	  cell	   lines	  that	  were	  used	  in	  the	  cell	  aggregation	  assay	   (Figure	  3.2)	  were	  
used	   for	   the	   in	   vitro	   hanging	   drop	   (sorting)	   assay.	   In	   this	   assay,	   cells	   expressing	  
different	  cadherin	  subtypes	  were	  mixed	  in	  a	  20	  µl	  volume	  and	  then	  incubated	  in	  a	  
humid	   atmosphere	   for	   48	   hours.	   In	   this	   assay,	  N-­‐CHO	   sorted	   out	   from	  C-­‐CHO,	  
and	  E-­‐CHO	  intermixed	  with	  both	  N-­‐CHO	  and	  C-­‐CHO	  (Figure	  3.3).	  These	  results	  
agreed	  with	  the	  cell	  aggregation	  results	  (Figure	  3.2).	  	  	  
	  
	  
Figure	  3.3:	   in	  vitro	   cell	   sorting	  results.	   (A)	  and	  (B).	  Sorting	  of	  C-­‐CHO	  and	  N-­‐
CHO.	  C-­‐CHO	  were	  labeled	  red	  dye	  (DiI)	  and	  N-­‐CHO	  were	  labeled	  with	  green	  dye	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(DiO).	  (C)	  Sorting	  results	  with	  C-­‐CHO	  and	  E-­‐CHO.	  The	  cadherin	  expression	  level	  
for	   C-­‐	   E-­‐	   and	   N-­‐CHO	   cells	   are	   31,	   34,	   and	   31	   molecules/µm2.	   The	   C-­‐CHO	   were	  
labeled	   with	   red	   dye	   (DiI)	   and	   E-­‐CHO	   were	   labeled	   with	   green	   dye	   (DiO).	   (D)	  
Sorting	  results	  between	  N-­‐CHO	  and	  E-­‐CHO.	  N-­‐CHO	  were	  labeled	  red	  (DiI)	  and	  E-­‐
CHO	  cells	  were	  labeled	  green	  (DiO).	  	  
	  
3.4 Affinity	   and	   Dissociation	   Rate	   Measurements	   of	  
Cadherin	  Homophilic	  and	  Heterophilic	  Bonds	  	  
The	  affinities	   and	   dissociation	   rates	   for	  both	   heterophilic	   and	  homophilic	  bonds	  
were	   characterized	   with	   the	   micropipette	   manipulation	   method	   as	   described	   in	  
chapter	  2.	  Figure	  3.4	  shows	  the	  results	  of	  all	  three	  homophilic	  bonds	  (C-­‐C,	  E-­‐E	  and	  
N-­‐N).	  This	  two	  stage	  kinetic	  profile	  exhibits	  a	  fast	  initial	  rise	  to	  a	  limiting	  plateau	  
at	  Pa~0.4—that	  is,	  about	  40%	  of	  cell-­‐cell	  touches	  resulted	  in	  a	  binding	  event.	  This	  
was	  followed	  by	  a	  2-­‐5s	  lag,	  and	  a	  subsequent	  rise	  to	  a	  second	  plateau	  at	  a	  higher	  
binding	   probability	   of	   0.7~0.8	   (Figure	   3.4).	   The	   results	   agree	   qualitatively	   with	  
previous	   micropipette	   manipulation	   measurements	   of	   C-­‐cadherin	   mediated	  
intercellular	  binding	  kinetics	  [100].	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Figure	   3.4:	   Binding	   probability	   versus	   contact	   time	   measured	   between	  
identical	   cadherins	   with	   the	  micropipette	   technique.	   (A)	   C-­‐cadherin	   on	   C-­‐
CHO	  (18	  molecules/µm2)	  and	  C-­‐cad	  Fc	  on	  RBC	  (10	  molecules/µm2).	  (B)	  E-­‐cadherin	  
on	  C-­‐CHO	  (16	  molecules/µm2)	  and	  E-­‐cad	  Fc	  on	  RBC	  (57	  molecules/µm2).	   (C)	  N-­‐
cadherin	  on	  C-­‐CHO	  (15	  molecules/µm2)	  and	  N-­‐cad	  Fc	  on	  RBC	  (69	  molecules/µm2).	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The	  data	  points	   are	   the	  means	  of	  ~150	  measurements	   and	   the	   error	  bars	   are	   the	  
standard	  deviation	  from	  the	  mean.	  At	  least	  three	  pairs	  of	  cells	  were	  used	  for	  each	  
contact	  time.	  The	  thin	  lines	  are	  to	  guide	  the	  eye,	  and	  the	  thick	  lines	  are	  nonlinear	  
least	  squares	  fits	  of	  the	  data	  for	  the	  first	  binding	  step	  to	  Equation	  2.2.	  The	  dashed	  
lines	   are	   the	  95%	  confidence	   interval.	  The	  numbers	   in	   the	  parenthesis	   indicated	  
the	  cadherin	  density	  on	  CHO	  cells	  and	  on	  RBC	  in	  molecules/µm2.	  
	  
Figure	   3.5	   shows	   the	   binding	   probability	   time	   courses	   for	   heterophilic	  
binding.	   Qualitatively	   both	   homophilic	   and	   heterophilic	   bond	   display	   biphasic	  
kinetics.	   To	   further	   characterize	   cadherin	   binding,	   the	   biophysical	   properties	   of	  
cadherin	  bonds	  are	  extracted	  from	  these	  data.	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Figure	   3.5:	   Binding	   probability	   versus	   contact	   time	   measured	   between	  
different	   cadherins	   with	   the	  micropipette	   technique.	   (A)	   C-­‐cadherin	   on	   C-­‐
CHO	   (18	   molecules/µm2)	   and	   E-­‐cad	   Fc	   on	   RBC	   (20	   molecules/µm2).	   (B)	   N-­‐
cadherin	  on	  C-­‐CHO	  (15	  molecules/µm2)	  and	  E-­‐cad	  Fc	  on	  RBC	  (49	  molecules/µm2).	  
(C)	   N-­‐cadherin	   on	   C-­‐CHO	   (15	   molecules/µm2)	   and	   C-­‐cad	   Fc	   on	   RBC	   (103	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molecules/µm2).	   The	   data	   points	   are	   the	   means	   of	   ~150	   measurements	   and	   the	  
error	  bars	  are	   the	  standard	  deviation	   from	  the	  mean.	  At	   least	   three	  pairs	  of	  cells	  
were	  used	  for	  each	  contact	  time.	  The	  thin	  lines	  are	  to	  guide	  the	  eye,	  and	  the	  thick	  
lines	   are	   nonlinear	   least	   squares	   fits	   of	   the	   data	   for	   the	   first	   binding	   step	   to	  
Equation	  2.2.	  The	  dashed	   lines	   are	   the	  95%	  confidence	   interval.	  The	  numbers	   in	  
the	   parenthesis	   indicated	   the	   cadherin	   density	   on	   CHO	   cells	   and	   on	   RBC	   in	  
molecules/µm2.	  
 
In	  chapter	  2,	  the	  study	  of	  C-­‐cadherin	  domain	  deletion	  mutants	  mapped	  the	  
initial	   phase	   to	   the	  EC1	  domain,	  but	   the	   lag	   and	   second	   step	   requires	  EC3	   [100].	  
The	  fast,	  first	  binding	  step	  is	  well	  described	  by	  a	  simple	  binding	  reaction	  between	  
the	  N-­‐terminal	  EC1	  domains.	  This	  is	  demonstrated	  by	  fitting	  the	  data	  to	  the	  simple	  
probabilistic	   rate	   equation	   for	   the	   simple	   binding	   mechanism	   A+	   A	  A2.	   The	  
probabilistic	  rate	  equation	  describing	  this	  simple	  mechanism	  is [79]:	  
	  
! 
P =1" exp " mLmRACKa 1" exp "krt{ }( )[ ]( )             	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (Eq.	  2.2)	  
	  
	  The	   model	   agreement	   is	   also	   demonstrated	   by	   comparing	   the	   data	   with	   the	  
linearized	  form	  of	  the	  rate	  equation	  described	  in	  the	  Methods:	  
	  
-­‐ln(1-­‐P)=mLmRACKa[1-­‐exp(-­‐krt)]	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (Eq.	  3.1)	  	  
	  
Equation	   3.1	   predicts	   that	   -­‐ln(1-­‐P)	   for	   the	   first	  plateau	  P1	   varies	   linearly	  with	   the	  
mass	  action	  product	  of	  the	  cadherin	  densities	  on	  the	  two	  cells,	  mLX	  mR.	  Focusing	  
on	  the	  kinetics	  associated	  with	  the	  first	  plateau,	  Figure	  3.6	  shows	  the	  normalized	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data	   corresponding	   to	   the	   initial	   binding	   step	   for	   both	   homophilic	   and	  
heterophilic	   interactions.	  Data	  measured	  at	  different	  cell	   surface	  densities	   follow	  
straight	  lines.	  The	  differences	  between	  the	  different	  data	  sets	  reflect	  the	  different	  
affinity	  and	  kinetic	  constants	  of	  the	  indicated	  binding	  interactions.	  	  
	  
Figure	  3.6:	  Semilog	  plot	  of	  —ln(1-­‐P)	  	  versus	  the	  product	  of	  surface	  densities	  
of	  cadherins	  on	  the	  two	  cells	  (mR	  x	  mL).	  At	  least	  three	  different	  cadherin	  surface	  
density	  combinations	  were	  measured	   for	  each	  cadherin	  pair.	  The	  data	  points	  are	  
the	  means	   of	   ~150	  measurements	   and	   the	   error	   bars	   are	   the	   standard	   deviation	  
from	  the	  mean.	  The	  solid	  lines	  through	  the	  data	  are	  linear	  regressions	  of	  the	  data	  
for	  a	  given	  cadherin	  pair.	  The	  standard	  deviation	  is	  shown	  for	  each	  point.	  	  
	  
Agreement	   between	   the	   data	   corresponding	   to	   the	   first	   binding	   step	   and	  
Equation	  2.2	  verifies	  that	  data	  fits	  to	  this	  model	  can	  be	  used	  to	  determine	  the	  two-­‐
dimensional	  affinities	  and	  dissociation	  rates	  from	  kinetic	  data.	  The	  fit	  of	  the	  data	  
in	   the	   first	   step	  are	   indicated	   in	  solid	  black	   lines	   in	  both	  Figure	  3.4	  and	  3.5.	  The	  
dashed	  lines	  represent	  the	  95%	  confidence	  intervals	  for	  the	  fits.	  Because	  this	  first	  
binding	  step	  involves	  the	  putative	  specificity	  determining	  EC1	  domains,	  this	  study	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focuses	  solely	  on	  the	  bond	  parameters	  for	  the	  initial	  step	  in	  the	  profile.	  	  The	  results	  
of	  the	  data	  fitting	  are	  showed	  in	  Table	  3.1.	  	  
	  
Table	   3.1:	   Affinity	   and	   dissociation	   rate	   for	   homophilic	   and	   heterophilic	  
bonds	  between	  EC1	  domains	  
	  
Cadherin	  on	  
CHO	  
surface 
mR Cadherin	  Fc	  
on	  RBC	  
surface 
mL kr Ka R2 
 µm-­‐2  µm-­‐2 s-­‐1 X	  10-­‐4	  µm2  
C 18 C 10 0.59+0.22	   10.6+2.15	   0.89 
E 16 E 49 1.01+0.30	   2.98+0.40	   0.97 
N 15 N 69 1.13+0.37	   1.85+0.26	   0.99 
C 18 E 33 1.28+0.43	   3.39+0.45	   0.99 
N 15 E 57 1.91+0.69	   2.77+0.32	   0.96 
N 15 C 19 0.82+0.37	   3.2+0.7	   0.97 
 
	  
	  
3.5	   Rac1	   activation	   by	   Homophilic	   and	   Heterophilic	  
Cadherin	  Ligation	  
The	   Rac1	   pull	   down	   assay	   quantified	   the	   relative	   active	   Rac1	   in	   cadherin	  
expressing	   CHO	   cells	   following	   attachment	   to	   different	   cadherin	   coated	  
substrates.	  	  The	  GST-­‐bead	  linked	  p21-­‐PBD	  domain	  was	  used	  to	  pull	  down	  the	  GTP-­‐	  
Rac1	  in	  the	  cell	   lysate.	  The	  Rac1	  activity	  was	  then	  normalized	  by	  the	  Rac1-­‐GTP	  in	  
suspended	  cells,	  which	  were	  as	  the	  zero	  time	  control	  [99].	   
Seeding	  C-­‐CHO	  onto	  Fc-­‐tagged	  cadherin	  ectodomain-­‐coated	  surfaces	  for	  0,	  
30,	  45	  and	  60	  minutes	  established	  that	  the	  transient	  Rac1-­‐GTP	  levels	  peaked	  at	  45	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minutes	   and	   then	   decreased	   for	   E-­‐	   and	  C-­‐cadherin	   expressing	   cells	   (Figure	   3.7).	  
The	  C-­‐cadherin	  density	  on	  the	  C-­‐CHO	  was	  31/µm2,	  and	  the	  Fc-­‐tagged	  C-­‐cadherin	  
density	  on	  the	  substrates	  was	  5	  x	  103	  /µm2,	  which	  was	  determined	  by	  radioisotope	  
labeling [53].	   	   The	  Rac1-­‐GTP	   levels	   due	   to	   E-­‐CHO	   ligation	   on	   E-­‐cadherin	   coated	  
surfaces	  also	  peaked	  at	  45	  minutes	  [53].	  Rac1-­‐GTP	  levels	  in	  C-­‐CHO	  on	  C-­‐cadherin	  
surfaces	  increased	  six-­‐fold	  at	  45	  minutes	  compared	  to	  the	  zero	  time	  measurement.	  	  	  
	  
	  
Figure	   3.7:	   Rac1-­‐GTP	   levels	   in	   C-­‐CHO	   (31	   molecule/µm2)	   seeded	   on	   C-­‐
cadherin	  substrates	   (5	  X	   103	  molecule/µm2)	   for	   the	   indicated	   time	  periods.	  
(A)	  The	   upper	   panel	   shows	   the	   total	   Rac1	   in	   cells	   harvested	   after	   the	   indicated	  
incubation	   times.	   The	   lower	   panel	   shows	   the	   active	   Rac1-­‐GTP	   captured	   by	  GST-­‐
PBD	  beads.	  	  (B)	  The	  normalized	  Rac1-­‐GTP	  in	  C-­‐CHO	  cells	  cultured	  on	  C-­‐cadherin	  
harvested	  at	  different	  incubation	  times.	  The	  Rac1-­‐GTP	  was	  normalized	  relative	  to	  
the	   total	  Rac1.	  Rac1-­‐GTP	   levels	  were	   also	  normalized	   relative	   to	   the	  Rac1-­‐GTP	   in	  
suspended	  cells	  (t	  =	  0).	  	  
	  
The	   Rac1-­‐GTP	   increase	   due	   to	   heterophilic	   C-­‐cadherin	   ligation	   was	   also	  
examined.	   Figure	   3.8	   shows	   that	   the	   C-­‐CHO	   adhesion	   to	   E-­‐Cadherin-­‐Fc	   coated	  
surface	   slightly	   increased	   the	  Rac1-­‐GTP	   level	   in	  C-­‐CHO,	   but	   the	   adhesion	   to	  N-­‐
Cadherin-­‐Fc	  did	  not	  elevate	  Rac1-­‐GTP.	  The	  C-­‐cadherin	  surface	  expression	  level	  on	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the	   C-­‐CHO	   was	   31/µm2. The	   densities	   of	   all	   three	   cadherins	   on	   both	   the	   cell	  
surfaces	   and	   the	   substrates	   are	   similar	   (the	  Fc-­‐tagged	  E-­‐cadherin	   density	  on	   the	  
substrata	  is	  4.1	  x	  103	  /µm2,	  and	  the	  N-­‐cadherin	  density	  is	  4	  x	  103	  /µm2,	  determined	  
by	   radioisotope	   labeling [53]),	   so	   that	   the	   differences	   in	   Rac1-­‐GTP	   levels	   are	  
attributed	  to	  the	  cadherin	  subtype	  and	  distinct	  cadherin	  bonds. The	  results	  show	  
that	   homophilic	   ligation	   by	   C-­‐cadherin	   and	   E-­‐cadherin,	   but	   not	   by	   N-­‐cadherin,	  
result	  in	  a	  transient	  increase	  in	  Rac1-­‐GTP	  levels,	  but	  that	  heterophilic	  interactions	  
result	  in	  less	  Rac	  activation.	  	  
	  
	  
Figure	   3.8:	   Rac1-­‐GTP	   in	   C-­‐CHO	   (31	   molecule/ µm2)	   seeded	   on	   either	   N-­‐
cadherin-­‐Fc	  (4	  x	  103	  molecule/µm2)	  or	  E-­‐cadherin-­‐Fc	  (4	  x	  103	  molecule/µm2)	  
substrates.	   The	   upper	   panel	   shows	   the	   total	   Rac1-­‐GTP	   levels	   in	   cells	   harvested	  
after	  the	  indicated	  incubation	  times	  on	  the	  indicated	  substrates.	  The	  lower	  panel	  
shows	  the	  Rac1-­‐GTP	  captured	  by	  GST-­‐PBD	  beads.	  
	  
Figure	   3.9	   and	   Table	   3.2	   summarize	   the	   Rac1-­‐GTP	   levels	   measured	   45	  
minutes	  after	  C-­‐CHO,	  E-­‐CHO	  and	  N-­‐CHO	  adhered	  to	  cadherin	  substrates.	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Figure	  3.9:	  Summary	  of	  the	  normalized	  Rac1-­‐GTP	   levels	  due	  to	  homophilic	  
and	   heterophilic	   cadherin	   ligation.	   The	   normalized	   Rac1-­‐GTP	   levels	   were	  
quantified	  for	  cadherin	  expressing	  CHO	  cells	  45	  minutes	  after	  the	  cells	  attached	  to	  
different	   cadherin	   ligands	   on	   the	   substrates.	   The	   activation	   due	   to	   homophilic	  
ligation	   is	   indicated	   by	   the	   hatched	   pattern.	   The	   densities	   of	   cadherins	   on	   the	  
coated	  surface	  and	  on	  the	  CHO	  cell	  are	  also	  indicated.	  The	  data	  obtained	  with	  E-­‐
CHO	  and	  N-­‐CHO	  are	  from[53].	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Table	  3.2:	  Normalized	  Rac1-­‐GTP	  levels	  in	  adherent	  cadherin-­‐expressing	  
CHO	  cells	  at	  45	  minutes	  
	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Substrate 
	  
cell	  
C-­‐cad	  
(5X103/µm2)	  
	  
E-­‐cad	  
(4.1X103/µm2)	  
	  
N-­‐cad	  
(4X103/µm2)	  
	  
C-­‐CHO	  
(31/µm2)	  
6.26+0.26	   1.41+0.12	   0.92+0.14	  
E-­‐CHO	  
(34/µm2)	  
1.71+0.62	   7.66+2.31	   3.72+1.00	  
N-­‐CHO	  
(31/µm2)	  
1.18+0.40	   0.37+0.12	   0.80+0.34	  
	  
	  
3.6 Discussion	  
The	   two-­‐dimensional	   affinities	   determined	   from	   micropipette	  
measurements	   show	  mixed	   results	   for	   both	   homophilic	   and	   heterophilic	   bonds.	  
The	   affinities	   of	   the	   homophilic	   bonds	   were	   not	   always	   higher	   than	   for	  
heterophilic	   interactions.	   	   For	   C-­‐cadherin,	   the	   homophilic	   C-­‐cad/C-­‐cad	   binding	  
affinity	   is	   higher	   than	   for	   the	   heterophilic	   bonds.	   However,	   this	   trend	   was	   not	  
observed	   for	   the	   homophilic	   bonds	   for	   either	   E-­‐cadherin	   or	   N-­‐cadherin.	   For	   E-­‐
cadherin,	  and	  the	  affinities	  for	  homophilic	  and	  heterophilic	  bonds	  were	  very	  close.	  
With	   N-­‐cadherin,	   the	   affinity	   of	   the	   heterophilic	   N-­‐cad/E-­‐cad	   bond	   was	   even	  
higher	   than	   for	   the	   homophilic	   N-­‐cadherin	   bond.	   These	   results	   did	   not	   show	   a	  
preference	   for	   homophilic	   binding.	   In	   contrast	   to	   the	   affinity	   data,	   in	   the	   Rac1	  
activation	  studies,	  E-­‐CHO	  and	  C-­‐CHO	  showed	  greater	  Rac1	  activation	  triggered	  by	  
homophilic	  ligation	  than	  by	  heterophilic	  ligation.	  The	  Rac1	  activation	  is	  low	  in	  N-­‐
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CHO,	   but	   N-­‐cadherin	   expressing	   cells	   reportedly	   activate	   RhoA	   instead	   of	   Rac1	  
[52].	  	  
The	   C-­‐CHO,	   N-­‐CHO	   and	   E-­‐CHO	   cells	   were	   used	   to	   test	   the	   cadherin	  
dependent	  cell	  aggregation	  specificity	  with	  the	  in	  vitro	  cell	  sorting	  assay	  and	  with	  
the	   cell	   aggregation	   assay.	   The	   results	   also	   showed	   no	   general	   preference	   for	  
homophilic	   binding,	   except	   with	   C-­‐cadherin	   and	   N-­‐cadherin.	   According	   to	   the	  
DAH,	   differences	   in	   the	   interfacial	   energies	   between	   cells	   are	   due	   to	   both	  
differences	   in	   the	   cadherin	   bond	   energies	   and	   in	   the	   protein	   expression	   levels	  
[21,22,24].	   In	   these	   assays,	   the	   protein	   expression	   levels	   were	   the	   same,	   so	   that	  
differences	   in	   sorting	   behavior	   are	   due	   only	   to	   biochemical	   or	   biophysical	  
differences	  between	  the	  cadherin	  subtypes.	  	  	  
In	  these	  sorting	  results,	  the	  C-­‐CHO	  sorted	  out	  from	  N-­‐CHO,	  while	  E-­‐CHO	  
formed	  mixed	  aggregates	  with	  both	  N-­‐CHO	  and	  C-­‐CHO.	  SFA	  measurement	  found	  
that	   the	  bonds	  energy	   for	  EC1	   interaction	  between	  N-­‐cadherin	  and	  C-­‐cadherin	   is	  
3.9	  kBT,	  and	  the	  bond	  energy	  for	  the	  homophilic	  C-­‐cadherin	  interaction	  is	  4.1	  kBT.	  
These	  values	  are	  both	  greater	  than	  the	  bond	  energy	  for	  the	  homophilic	  N-­‐cadherin	  
interaction	  (1.0	  kBT).	  The	  use	  of	  the	  force	  measurement	  results	  in	  the	  DAH	  model	  
predicted	   that	   N-­‐CHO	   should	   mix	   with	   C-­‐CHO	   in	   the	   cell	   sorting	   assay.	   This	  
contradicts	  the	  cell	  sorting	  results	  of	  this	  study.	  	  
According	  to	  my	  measurements,	  the	  affinity	  for	  the	  homophilic	  C-­‐cadherin	  
bond	   (10.6	   +	   2.15	   x	   10-­‐4	   µm2)	   is	   about	   6	   times	   greater	   than	   the	   affinity	   for	   the	  
homophilic	  N-­‐cadherin	  bond	  (1.85	  +	  0.26	  x	  10-­‐4	  µm2)	  or	  the	  heterophilic	  N-­‐cad/C-­‐
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cad	  bond	  (3.2	  +	  0.7	  x	  10-­‐4	  µm2).	  	  On	  the	  other	  hand,	  the	  affinity	  of	  the	  heterophilic	  
N-­‐cad/E-­‐cad	   bond	   (2.77	   +	   0.32	   x	   10-­‐4	   µm-­‐2)	   is	   similar	   to	   the	   affinity	   of	   the	  
homophilic	  E-­‐cadherin	  bond	  	  (2.98	  +	  0.40	  x	  10-­‐4	  µm-­‐2),	  and	  N-­‐CHO	  formed	  mixed	  
aggregates	  with	  E-­‐CHO.	  Although	  the	  affinity	  of	  the	  homophilic	  C-­‐cadherin	  bond	  
is	  higher	  than	  the	  affinity	  of	  either	  the	  heterophilic	  C-­‐cad/E-­‐cad	  bond	  (3.39	  +	  0.45	  
x	   10-­‐4	   µm-­‐2)	   or	   the	   homophilic	   E-­‐cadherin	   bond,	   E-­‐CHO	   still	   formed	   mixed	  
aggregates	  with	  C-­‐CHO.	  	  
The	   binding	  measurements	   do	   show	   that	   the	   different	   cadherin	   subtypes	  
cross-­‐react,	  and	  that	  the	  affinities	  of	  the	  heterophilic	  bonds	  can	  be	  larger	  than	  the	  
homophilic	  binding	  affinity	  of	  one	  of	  the	  proteins.	  Comparison	  of	  the	  cell	  sorting	  
data	  with	  the	  differences	  in	  heterophilic	  versus	  homophilic	  binding	  affinities	  does	  
not	   reveal	   any	   obvious	   correlations	   that	   might	   predict	   the	   nonequilibrium	   cell	  
sorting	  results.	  	  A	  possible	  explanation	  for	  these	  results	  is	  that	  only	  the	  affinities	  of	  
N-­‐Cadherin	  and	  C-­‐cadherin	  were	  sufficiently	  different	  to	  cause	  cell	  sorting.	  	  In	  all	  
other	   cases,	   the	   differences	   between	   the	   homophilic	   binding	   energies	   of	   the	  
protein	  pairs	  are	  smaller.	  	  This	  is	  explored	  in	  more	  detail	  in	  Chapter	  4.	  
It	  is	  still	  not	  clear	  how	  the	  cytoplasmic	  domain	  detects	  differences	  between	  
homophilic	   and	   heterophilic	   cadherin	   binding.	   It	   is	   well	   known	   that	   some	  
membrane	  receptors	  signal	  in	  proportion	  to	  solution	  concentrations	  of	  ligands.	  In	  
hormone	  receptors,	  for	  example,	  the	  binding	  site	  is	  close	  to	  the	  cytoplasmic	  face	  of	  
the	  protein.	  This	  allows	  the	  protein	  to	  allosterically	  convey	  binding	  information	  to	  
the	   cytoplasmic	   region.	   	   By	   contrast,	   the	   binding	   site	   of	   cadherins	   is	   separated	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from	  the	  cytoplasmic	  domain	  by	  a	  relatively	  rigid	  22.5nm	  extracellular	  region	  that	  
does	   not	   undergo	   any	   obvious	   conformational	   changes	   upon	   cadherin	   ligation.	  
Cadherins	  do	  not	  undergo	  large	  conformational	  changes	  like	  integrins.	  	  	  
Here	  I	  found	  that	  the	  Rac1	  activity	  only	  correlated	  with	  the	  EC1-­‐dependent	  
binding	   affinity	   in	   cells	   that	   express	   C-­‐cadherin.	   In	   cells	   that	   express	   the	   other	  
cadherins,	   the	   Rac1	   activation	   data	   did	   not	   correlate	   with	   the	   bond	   energies	  
measured	  with	   the	  SFA,	   the	  bond	  dissociation	  rate	  data	  determined	   from	  atomic	  
force	  microscopy	  measurements,	  or	  the	  affinity	  and	  dissociation	  rate	  data	  obtained	  
with	  the	  micropipette	  technique	  [15,33].	  There	  are	  several	  possible	  reasons	  for	  this.	  	  
First,	  although	  we	  assume	  that	  EC1	  is	  crucial	   for	  cadherin	  binding	  specificity	  and	  
signaling,	  it	  does	  not	  rule	  out	  the	  possibility	  that	  other	  cadherin	  domains	  may	  also	  
affect	   outside-­‐in	   signaling.	   Other	   EC	   domains	   also	   contribute	   to	   adhesion	   as	  
measured	  by	  SFA,	  flow	  chamber,	  biomembrane	  force	  probe,	  and	  our	  micropipette	  
measurements	   [11-­‐13,60,103].	   Second,	   in	   this	   thesis,	   I	   compared	   some	   of	   the	  
affinities	  with	  previously	  reported	  signaling	  results	  measured	  with	  E-­‐CHO	  and	  N-­‐
CHO	  [53],	   in	  which	  subtle	  differences	   in	  assay	  conditions	  or	  cadherin	  expression	  
levels	   could	   have	   affected	   the	   results.	   	   Third,	   there	   is	   evidence	   that	   cadherin	  
subtypes	   signal	   through	   different	   GTPases.	   C-­‐cadherin	   and	   E-­‐cadherin	   activate	  
Rac1,	  but	  N-­‐cadherin	  activates	  RhoA	  and	  suppresses	  Rac1	  in	  some	  cases	  [52].	  	  VE-­‐
cadherin	   also	   signals	   through	   cdc42	   [104].	   	   It	   is	   possible	   that	   cadherins	   regulate	  
sorting	  both	  by	  determining	  the	  surface	  binding	  energies	  and	  by	  regulating	  actin	  
organization	  and	  membrane	  tension	  through	  Rho	  GTPases.	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The	   results	   described	  here	  were	   compared	  with	   the	  Differential	  Adhesion	  
Hypothesis	   predictions.	   The	   DAH	   assumes	   that	   the	   cadherin	   distributions	   and	  
membrane	   tension	   is	   uniform	   over	   the	   cell.	   But	   in	   tissues,	   cells	   are	   known	   to	  
regulate	  membrane	   composition	   and	   spatial	   organization,	   as	  well	   as	   the	   cortical	  
tension.	  The	  adhesion	  sites	  are	  known	  to	  mature	  with	  time,	  and	  cadherins	  cluster	  
at	   the	   cell-­‐cell	   junctions	   [92].	   The	  maturation	   of	   cadherin	   adhesions	   causes	   the	  
rearrangement	   of	   both	   the	   actin	   cytoskeleton	   and	   microtubules,	   and	   it	   also	  
changes	   cell	   polarity	   [105].	   My	   data	   suggest	   that	   the	   ectodomain	   and	   the	  
cytoplasmic	  domain	  may	  work	  together	  to	  regulate	  the	  cell	  physiology	  in	  response	  
to	  the	  formation	  of	  cell-­‐cell	  junctions.	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Chapter	  4	  	  
	  
Structural	  Basis	  of	  Cadherin	  Specificity	  
	  
	  
4.1	  Introduction	  
Directed	   cell	   migration	   is	   essential	   for	   the	   formation	   of	   distinct	   tissues	  
during	   embryogenesis	   [106].	   	   These	   processes	   are	   regulated	   by	   the	   cytoskeleton,	  
which	   affects	   the	   tensile	   force	   on	   the	   cell	  membrane,	   and	   by	   adhesion	   proteins	  
located	  on	   the	  membrane,	  which	  determine	   the	   surface	   adhesion	  energy	   [24,25].	  	  
The	  cadherin	  superfamily	  proteins	  mediate	  cell-­‐cell	  adhesion,	  cell	  recognition,	  and	  
cell	   sorting.	   The	   type	   I	   classical	   cadherins	   represent	   over	   20	   subtypes	   of	   these	  
proteins,	   and	   are	   the	   most	   extensively	   studied.	   The	   homophilic	   interactions	  
between	   cadherin	   molecules	   are	   known	   to	   regulate	   tissue	   formation,	   tissue	  
boundaries,	  and	  cell	  movement	  during	  development	  [1,2,107].	  	  
Type	   I	   classical	   cadherins	   consist	   of	   a	   cytoplasmic	   domain,	   a	   single-­‐pass	  
transmembrane	  domain,	  and	  an	  extracellular	  region	  composed	  of	  five	  homologous	  
domains	   numbered	   1-­‐5	   from	   the	   N-­‐terminus	   (EC1-­‐5).	   	   The	   cytoplasmic	   domain	  
participates	  in	  signaling	  pathways	  through	  its	  interactions	  with	  the	  catenins.	  	  The	  
extracellular	   region	   of	   cadherin	   forms	   bonds	   between	   cells	   and	   controls	   the	  
specificity	  of	  the	  binding	  interaction	  [5].	  	  Swapping	  the	  EC1	  domain	  of	  E-­‐cadherin	  
with	  the	  EC1	  domain	  of	  P-­‐cadherin	  reversed	  the	  interaction	  specificity	  of	  cadherin	  
expressing	   cells	   [18].	   	  The	  EC1	  domain	  not	  only	  determines	   the	   specificity	  of	   cell	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adhesion,	  but	  it	  is	  also	  a	  locus	  for	  cadherin	  bond	  formation	  [4,9,10,28,57,108].	  The	  
crystal	  structures	  of	  the	  entire	  extracellular	  region	  of	  C-­‐cadherin,	  EC1	  domain	  of	  N-­‐
cadherin	  and	  EC1-­‐2	   fragment	  of	  E-­‐cadherin	   form	  a	  complex	   in	  which	  the	  second	  
tryptophan	  (W2)	  is	   inserted	  in	  a	  hydrophobic	  binding	  pocket	  on	  the	  EC1	  domain	  
of	   the	   adjacent	   cadherin	   [4,9,28].	   The	   molecular	   interactions	   influencing	   W2	  
docking	  in	  the	  hydrophobic	  pockets	  of	  adjacent	  cadherins	  may	  determine	  cadherin	  
dependent	  cell	  aggregation	  specificity.	  	  
Detailed	  studies	  of	  W2	  and	  the	  residues	  lining	  its	  binding	  pocket	  discerned	  
the	  important	  amino	  acid	  residues	  that	  affect	  binding.	  	  Mutating	  the	  78th	  and	  83rd	  
amino	   acid	   residues	   on	   E-­‐cadherin	   to	   the	   corresponding	   P-­‐cadherin	   sequence	  
altered	   the	   cell	   aggregation	   specificity	   of	   the	  mutant	   [18].	   	   The	   A78M	  mutation	  
abolished	  the	  adhesive	  activity	  of	  N-­‐cadherin	   [54].	   	  The	  orientations	  of	  W2	   in	   its	  
binding	   pocket	   may	   also	   influence	   binding	   affinities.	   The	   relative	   EC1	   angle	  
between	   N-­‐cadherin	   differs	   by	   25°	   from	   the	   angle	   between	   EC1	   domains	   in	   the	  
structure	  of	  E-­‐cadherin	  [27].	  	  	  
	   In	   chapter	   3,	   I	   showed	   that	  N-­‐CHO	  sorted	  out	   from	  C-­‐CHO.	   	  That	   result	  
provided	  a	  model	  system	  for	  examining	  the	  impact	  of	  different	  cadherin	  mutations	  
on	   cadherin-­‐dependent	   cell	   aggregation	   specificity.	   Here	   I	   both	   generated	   point	  
mutations	   and	   quantified	   their	   impact	   on	   cadherin	   binding.	   The	   micropipette	  
manipulation	  method	  was	   used	   to	  determine	   the	  kinetic	  parameters	  of	   cadherin	  
bonds	   in	   chapter	   2	   and	   chapter	   3,	   as	   well	   as	   the	   two-­‐dimensional	   kinetics	   and	  
affinity	   of	   other	   membrane	   proteins	   [79,81,82,84,100].	   For	   cadherin	   at	   low	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densities,	   biphasic	   binding	   kinetics	   was	   observed,	   featuring	   a	   fast,	   first	   binding	  
stage,	  a	  lag,	  and	  then	  a	  higher	  probability	  binding.	  	  Studies	  with	  deletion	  mutants	  
mapped	   the	   initial	   step	   to	   the	   EC1	   domain,	   and	   determined	   that	   domain	   EC3	   is	  
required	  for	  the	  observed	  the	  second	  phase	  [100].	  
	   In	   addition	   to	   directly	   mediating	   cell-­‐cell	   interactions,	   cadherins	   also	  
regulate	   the	   actin	   cytoskeleton	   through	   signaling	   by	   the	  C-­‐terminal	   cytoplasmic	  
domain.	  β-­‐catenin	  binds	  to	  the	  distal	  part	  of	  the	  cytoplasmic	  domain	  and	  regulates	  
actin	  polymerization	  through	  a	  putative	  interaction	  with	  α-­‐catenin	  [41].	  Cadherin	  
also	  regulates	   the	  actin	  cytoskeleton	  through	  the	  Rho	   family	  GTPases,	  RhoA	  and	  
Rac1.	   	  The	  Rac1	   activity	   inside	   cells	   is	  up-­‐regulated	  by	   cadherin	   ligation	   in	   some	  
cadherin-­‐expressing	   cells,	   although	   the	   results	   may	   be	   cadherin	   subtype	  
dependent	   as	   shown	   in	   chapter	   3.	   Conversely,	   the	   activities	   of	   the	   Rho	   family	  
GTPases	  also	  regulate	  the	  formation	  and	  stability	  of	  cadherin	  junctions	  [49].	  	  	  
	   Here,	  I	  designed	  mutations	  based	  on	  the	  structure	  and	  sequence	  differences	  
between	  Xenopus	  C-­‐cadherin	  and	  mouse	  N-­‐cadherin	  EC1	  domains.	  These	  mutants	  
were	  tested	  for	  their	  influence	  on	  cadherin	  affinities,	  cell	  sorting	  behavior	  and	  Rac1	  
activation.	   These	   results	   identified	   a	   mutation	   that	   completely	   switched	   the	  
aggregation	   specificity	   of	   C-­‐cadherin.	   I	   showed	   that	   the	   result	   correlates	   with	  
relatively	   large	   (>fivefold)	   changes	   in	   two-­‐dimensional	   binding	   affinities.	   In	  
addition,	   I	   also	   showed	   that	   the	   affinity	   differences	   due	   to	   these	   mutations	  
correlate	  with	  the	  Rac	  signaling	  amplitudes.	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4.2	  Materials	  and	  Methods	  
	  
4.2.1	  Engineering	  C-­‐cadherin	  Ectodomain	  Mutants	  
The	  QuickChange	  Site-­‐Directed	  Mutagenesis	  Kit	  (Stratagene,	  Cedar	  Creek.	  
TX)	   was	   used	   for	   generating	   the	   C-­‐cadherin	   ectodomain	  mutants,	   following	   the	  
manufacturer’s	  protocol.	  The	  primers	  were	  designed	  using	  the	  Stratagene	  website.	  
The	  sequences	  of	  the	  primers	  for	  different	  point	  mutations	  are:	  
Forward	  K8NS10P	  5’-­‐ctg	  ggt	  cat	  ccc	  tcc	  tat	  aaa	  tgt	  tcc	  tga	  gaa	  tga	  acg	  tgg-­‐3’	  
Reverse	  K8NS10P	  5’-­‐cca	  cgt	  tca	  ttc	  tca	  gga	  aca	  ttt	  ata	  gga	  ggg	  atg	  acc	  cag-­‐3’	  
Forward	  Q23G	  5’-­‐ttt	  ccc	  caa	  acg	  tct	  cgt	  ggg	  gat	  caa	  atc	  caa	  caa	  aga	  c-­‐3’	  
Reverse	  Q23G	  5’-­‐gtc	  ttt	  gtt	  gga	  ttt	  gat	  ccc	  cac	  gag	  act	  ttt	  ggg	  gaa	  a-­‐3’	  
Forward	  S78A	  5’-­‐tag	  gat	  aaa	  tat	  gtg	  ctg	  tct	  gt	  cat	  gcc	  gtt	  tct	  gag	  aat	  g-­‐3’	  
Reverse	  S78A	  5’-­‐cat	  tct	  cag	  aaa	  cgg	  cat	  gag	  cag	  aca	  gca	  cat	  att	  tat	  cat	  a-­‐3’	  
Forward	  E83V	  5’-­‐ttc	  tca	  tgc	  cgt	  ttc	  tgt	  gaa	  tgg	  ttc	  tcc	  tgt	  gg-­‐3’	  
Reverse	  E83V	  5’	  cca	  cag	  gag	  aac	  cat	  tca	  cag	  aaa	  cgg	  cat	  gag	  aa-­‐3’	  
Forward	  M92I	  5’-­‐tcc	  tgt	  gga	  gga	  acc	  gat	  aga	  aat	  aac	  cat	  caa	  tgt	  g-­‐3’	  
Reverse	  M92I	  5’-­‐cac	  att	  gat	  ggt	  tat	  ttc	  tat	  cgg	  ttc	  ctc	  cac	  agg	  a-­‐3’	  
These	  primers	  were	  synthesized	  at	  the	  W.	  M.	  Keck	  Center	  for	  Comparative	  
and	   Functional	   Genomics	   at	   the	   University	   of	   Illinois	   (Urbana,	   IL)	   and	   further	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purified	   by	   polyacrylamide	   gel	   electrophoresis	   to	   ensure	   the	   purity.	   A	   pEE14	  
plasmid	  containing	  the	  full	   length	  C-­‐cadherin	  sequence	  was	  used	  to	  generate	  the	  
C-­‐cadherin	  mutants.	  A	  total	  of	  10	  ng	  plasmid	  DNA	  was	  mixed	  with	  125	  ng	  of	  both	  
forward	  and	  reverse	  primers,	  1	  µl	  dNTP,	  and	  5	  µl	  reaction	  buffer	  provided	  by	  the	  
manufacturer	   in	   50	   µl	   double-­‐distilled	   water	   (ddH2O).	   The	   polymerase	   chain	  
reaction	  (PCR)	  was	  conducted	  with	  an	  MJ	  Research	  Minicyler	  PTC-­‐150	  (GMI	  Inc.,	  
Ramsey,	  MN).	   	   After	   the	   PCR	   cycle,	   the	   template	   plasmids	   were	   digested	   by	   10	  
Units	  of	  Dpn	  I	  restriction	  enzyme	  at	  37	  °C	  for	  1	  hour.	  Then	  the	  mixture	  was	  used	  to	  
transform	  XL1-­‐Blue	  Supercompetent	  Cells.	  	  
For	   the	  bacterial	  transformation,	  one	  vial	   (about	  50	  µl)	  of	  competent	  cells	  
was	   first	   thawed	   on	   ice	   and	   transferred	   to	   one	   pre-­‐chilled	   14	   ml	   BD	   Falcon	  
polypropylene	   tube	   (BD	   Biosciences,	   San	   Jose,	   CA).	   A	   1µl	   aliquot	   of	   the	   DNA	  
mixture	  was	   transferred	  to	   the	  competent	  cells	  and	  then	   incubated	  on	   ice	   for	  30	  
minutes.	  The	  mixture	  was	  heat	  shocked	  in	  a	  42°C	  water	  bath	  for	  45	  seconds,	  and	  
then	   transferred	   on	   ice	   and	  was	   left	   on	   ice	   for	   2	  minutes	   for	   recovery.	   A	   0.5	  ml	  
aliquot	   of	  NZY	   broth	   (10	   g	  NZ	   amine,	   5	   g	   yeast	   extract,	   5	   g	  NaCl,	   12.5	  ml	   of	   1M	  
MgCl2,	  12.5	  ml	  of	  1M	  MgSO4	  and	  20	  ml	  of	  20%	  (w/v)	  glucose	  in	  1L	  ddH2O,	  pH7.5)	  
was	  added	  to	  the	  mixture.	  The	  mixture	  was	  then	  incubated	  at	  37°C	  for	  1	  hour	  with	  
vigorous	  shaking.	  About	  100	  µl	  of	  the	  mixture	  was	  used	  to	  spread	  on	  LB-­‐Ampicillin	  
Agar	  (100	  µg/ml	  ampicillin).	  The	  DNA	  was	  purified	   from	  a	  1	   liter	  bacteria	  culture	  
with	   the	   QIAprep	   Spin	   Miniprep	   Kit	   (Qiagen	   Science,	   Germantown,	   MD).	   The	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altered	  sequences	  were	  confirmed	  by	  DNA	  sequencing	  at	  the	  W.	  M.	  Keck	  Center	  
for	  Comparative	  and	  Functional	  Genomics	  (University	  of	  Illinois,	  Urbana,	  IL).	  	  
These	   purified	   plasmids	   encoding	   the	  C-­‐cadherin	   cDNA	  with	   the	   specific	  
mutations	  were	  then	  used	  to	  transfect	  CHO-­‐K1	  cells	  as	  described	  above,	  in	  order	  to	  
generate	   stable	   cell	   lines	   expressing	   these	   full-­‐length	   C-­‐cadherin	   mutants.	   The	  
expression	  levels	  of	  the	  different	  mutants	  were	  determined	  by	  both	  flow	  cytometry	  
as	  described	  previously	  [81,100]	  and	  further	  checked	  by	  immune-­‐blotting	  with	  anti-­‐
C-­‐cadherin	  antibody	  (Santa	  Cruz	  Biotechnology,	  Santa	  Cruz,	  CA)	  and	  with	  anti	  β-­‐
catenin	  antibody	  (BD	  Biosciences,	  San	  Jose,	  CA).	  	  
	  
4.2.2	  Micropipette	  Measurements	   of	   C-­‐cadherin	  Mutant	  
Binding	  to	  Wild-­‐type	  Cadherin	  Ectodomains	  
The	  affinity	  and	  dissociation	  rate	  constant	  for	  the	  interactions	  between	  the	  
C-­‐cadherin	   mutants	   and	   the	   wild	   type	   cadherin	   ectodomain	   on	   red	   blood	   cells	  
were	  measured	  with	  the	  micropipette	  manipulation	  technique	  described	  in	  Section	  
2.2.4	  of	   this	   thesis.	  CHO	  cells	   that	  express	   these	  mutants	  bind	  to	  RBCs	  modified	  
with	   either	   Fc-­‐tagged	   C-­‐cadherin	   ectodomain	   or	   with	   the	   Fc-­‐tagged	  N-­‐cadherin	  
ectodomain.	  The	  densities	  of	  mutant	  cadherins	  on	  these	  cells	  were	  quantified	  by	  
flow	  cytometry	  as	  described	  in	  Section	  2.2.3	  of	  this	  thesis.	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4.2.3	  Rac1	  Pull	  Down	  Assay	  	  
The	   Rac-­‐GTP	   levels	   were	   measured	   with	   45	   minutes	   incubation	   of	   CHO	   cells	  
expressing	  these	  C-­‐cadherin	  mutants	  on	  surfaces	  coated	  with	  either	  Fc-­‐tagged	  C-­‐
cadherin	  ectodomains	  (5	  x	  103/µm2)	  or	  with	  N-­‐cadherin	  ectodomains	  (4	  x	  103/µm2).	  	  
ATP-­‐loaded	  Rac1	  was	  quantified	  with	  the	  Rac1	  pull	  down	  assay	  described	  in	  Section	  
3.2.6	  of	  this	  thesis	  
	  
4.3	  Results	  
 
4.3.1	   Engineering	   and	   Expression	   of	   C-­‐cadherin-­‐to-­‐N-­‐
cadherin	  Mutants	  
The	  crystal	  structures	  of	  the	  EC1-­‐EC1	  complexes	  and	  amino	  acid	  sequences	  
of	   Xenopus	   C-­‐cadherin	   and	   mouse	   N-­‐cadherin	   were	   compared	   to	   identify	   the	  
amino	  acid	  differences	  around	  W2	  and	  its	  binding	  pocket	  (Figure	  4.1	  A,	  B).	  Three	  
amino	   acids	   in	   the	   C-­‐cadherin	   EC1	   domain	   were	  mutated	   by	   replacing	   residues	  
from	  the	  C-­‐cadherin	  sequence	  with	   the	  corresponding	  amino	  acids	   from	  the	  EC1	  
domain	   of	   chicken	   N-­‐cadherin.	   	   (Figure	   4.1	   C).	   The	   K8NS10P	   mutation	   is	  
postulated	  to	  change	  the	  bound	  W2	  orientation.	  The	  other	   two	  mutations,	   S78A	  
and	  M92I,	  line	  the	  hydrophobic	  pocket	  and	  potentially	  affect	  W2	  docking.	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Figure	   4.1:	   Designing	   C-­‐cadherin	   to	   N-­‐cadherin	   mutations.	   The	   Crystal	  
structure	  of	   the	  EC1-­‐EC1	   complex	  of	   (A)	  Xenopus	  C-­‐cadherin	   (Protein	  Data	  Bank	  
access	   code	   1L3W)	   and	   (B)	   Mouse	   N-­‐cadherin	   (Protein	   Data	   Bank	   access	   code	  
1NCI).	  Both	  structures	  were	  generated	  by	  using	  Visual	  Molecule	  Dynamics	  (VMD)	  
[17].	  The	  amino	  acid	  sites	  of	  the	  mutations	  are	  labeled	  with	  red.	  (C)	  The	  sequence	  
alignment	   between	   the	   C-­‐cadherin	   and	   N-­‐cadherin	   EC1	   domains.	   The	   mutation	  
sites	   are	   labeled	   with	   the	   red	   squares.	   (D)	  Western	   blot	   analysis	   of	   the	  mutant	  
proteins	  expressed	  by	  the	  CHO	  cells.	  The	  mutant	  proteins	  were	  detected	  with	  anti-­‐
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C-­‐cadherin	  antibody	  and	  also	  checked	  against	  β	  catenin,	  which	  was	  detected	  with	  
anti-­‐	  β	  catenin	  antibody.   
	  
Full-­‐length	  C-­‐cadherin	  mutants	  were	  engineered	  to	  express	  on	  the	  surface	  
of	  CHO	  cells	  and	  the	  expression	  was	  confirmed	  by	  Western	  blot	  (Figure	  4.1	  D).	  The	  
cadherin	   expression	   level	   was	   also	   compared	   to β-­‐catenin,	   which	   is	   expressed	  
stoichiometrically	  with	  cadherin	   in	  CHO	  cells	   [19]	   (Figure	  4.1	  D).	  The	  expression	  
levels	   of	   cadherins	   on	   cell	   surfaces	   were	   further	   determined	   by	   flow	   cytometry.	  
Three	  clones	  were	  selected	  according	  to	  the	  similarity	  of	  their	  cadherin	  density	  on	  
cell	  surfaces.	  These	  three	  clones	  were	  used	  for	  both	  the	  cell	  sorting	  and	  Rac1-­‐GTP	  
assays.	   	   The	   expression	   level	   for	   the	   K8NS10P	   mutant	   is	   32	   molecules/µm2,	   for	  
S78A	   is	  34	  molecules/µm2,	  and	   for	  M92I	   is	  34	  molecules/µm2.	  Other	  clones	  with	  
different	  surface	  densities	  were	  also	  selected	  for	  the	  micropipette	  measurements.	  	  
	  
4.3.2	  Mutants	  Alter	  in	  vitro	  Cell	  Sorting	  Specificity	  
Wild	  type	  C-­‐CHO	  sorted	  out	  from	  N-­‐CHO	  in	  the	  in	  vitro	  sorting	  assay	  if	  the	  
expression	  level	  of	  cadherin	  on	  cell	   surfaces	  and	  the	  cell	  densities	  (1	  x	  106	  /ml)	  of	  
both	   cell	   lines	  were	   similar	   (Figure	   3.3).	  The	  K8NS10P	  mutant	  did	  not	   affect	   the	  
cell	   segregation	  patterns	   relative	   to	   the	  WT	  C-­‐cadherin:	  namely,	   cells	   expressing	  
K8NS10P	   sorted	   from	   N-­‐CHO	   but	   intermixed	   with	   C-­‐cadherin	   expressing	   CHO	  
cells	   (Figure	   4.2A).	   By	   contrast,	   the	   S78A	   mutation	   completely	   switched	   the	  
sorting	   specificity,	   such	   that	   cells	   expressing	   S78A	   sorted	   from	   C-­‐cadherin	  
expressing	   CHO	   cells	   but	   intermixed	   with	   N-­‐cadherin	   expressing	   CHO	   cells	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(Figure	   4.2B).	   	   Interestingly,	   the	  M92I	  mutant	   intermixed	   with	   both	   C-­‐cadherin	  
expressing	   CHO	   cells	   and	   with	   N-­‐cadherin	   expressing	   CHO	   cells	   (Figure	   4.2C).	  	  
Although	   the	  mechanisms	   underlying	   cell	   sorting	   in	   these	   in	   vitro	   assays	   is	   not	  
clearly	   defined,	   the	   assay	   outcomes	   nevertheless	   identify	   distinct	   functional	  
differences	  between	  cadherin	  variants.	  
 
Figure	   4.2:	   in	   vitro	   sorting	   assay	   with	   C-­‐cadherin	   mutants.	   (A)	   K8NS10P	  
expressing	   cells	   sorted	   out	   from	  N-­‐CHO	   and	   intermixed	   with	   C-­‐CHO.	   (B)	   Cells	  
expressing	  the	  S78A	  mutant	  sorted	  from	  C-­‐CHO	  and	  intermixed	  with	  N-­‐CHO.	  (C)	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M92I	   expressing	   cells	   intermixed	  with	  C-­‐CHO	  and	  with	  N-­‐CHO.	  The	   expression	  
levels	  of	  the	  K8NS10p	  mutant,	  S78A	  mutant,	  M92I	  mutant,	  C-­‐	  and	  N-­‐CHO	  cells	  are	  
32,	   34,	   34,	   31,	   and	   31	   molecules/µm2	   respectively.	   The	   cells	   expressing	   the	   C-­‐
cadherin	   mutants	   were	   labeled	   with	   DiI	   (red)	   and	   C-­‐CHO	   and	   N-­‐CHO	   were	  
labeled	  with	  DiO	  (green).	  
	  
4.3.3	   C-­‐cadherin	   Mutations	   in	   the	   W2	   Binding	   Pocket	  
Substantially	   Alter	   Affinity	   of	   the	   First	   EC1-­‐Dependent	  
Binding	  Step	  
All	   cell	   binding	   time	   courses	   measured	   between	   different	   C-­‐cadherin	  
mutants	   and	   either	   recombinant	   CEC1-­‐5-­‐Fc	   or	   NEC1-­‐5-­‐Fc	   on	   RBCs	   exhibited	  
biphasic	  kinetics	   (Figure	  3.4	  and	  3.5).	   	  The	  effects	  of	   the	  point	  mutations	  on	  the	  
affinities	   and	   dissociation	   rates	   of	   the	   C-­‐cadherin	   scaffold	   were	   then	   quantified	  
from	  nonlinear	  least-­‐squares	  fits	  of	  the	  first	  binding	  step	  at	  t	  <	  10s	  to	  Equation	  2.2.	  	  	  
The	   two	   dimensional	   affinity	   and	   dissociation	   rate	   determined	   for	   the	  
interaction	   between	   C-­‐CHO	   and	   C-­‐Cadherin-­‐Fc	   modified	   erythrocytes	   were	  
10.6±2.15	   x	   10-­‐4	  µm2	   and	   0.59±0.22s-­‐1,	   respectively.	   	   A	   similar	   analysis	   of	   the	   first	  
binding	  step	  measured	  between	  N-­‐CHO	  and	  N-­‐Cadherin-­‐Fc	  modified	  erythrocytes	  
gave	  a	  significantly	   lower	  affinity	  of	   1.85±0.26	  x	   10-­‐4	  µm2	  and	  a	   faster	  dissociation	  
rate	  of	  1.13±0.37s-­‐1.	  For	  the	  heterophilic	  interaction	  between	  N-­‐CHO	  and	  C-­‐Cad-­‐Fc	  
modified	  RBCs,	   the	   affinity	  was	   3.2±0.7	   x	   10-­‐4	  µm2	   and	   the	   dissociation	   rate	  was	  
0.82±0.37	  s-­‐1.	  	  These	  values,	  which	  are	  summarized	  in	  Table	  4.1,	  establish	  reference	  
values	  for	  subsequent	  measurements	  with	  the	  C-­‐Cadherin	  mutants.	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Figure	   4.3	   shows	   the	   kinetics	   and	   fit	   to	   Equation	   2.2	   obtained	  with	  CHO	  
cells	   expressing	   our	   mutants	   and	   RBCs	   modified	   with	   immobilized	   CEC1-­‐5-­‐Fc.	  
Relative	   to	   the	   wt	   C-­‐cadherin,	   the	   S78A	  mutation	   reduced	   the	   two-­‐dimensional	  
affinity	  for	  CEC1-­‐5-­‐Fc	  more	  than	  six	  fold	  to	  1.65±0.25	  x	  10-­‐4	  µm2.	  At	  2.35±0.37	  x	  10-­‐4	  
µm2,	  the	  two	  dimensional	  affinity	  of	  S78A	  for	  N-­‐Cadherin	  was	  slightly	  higher	  than	  
that	  of	  the	  wt	  C-­‐cadherin/NEC1-­‐5-­‐Fc	  bond	  (Table	  4.1)	  (Figure	  4.4).	  	  	  
The	  similarly	  determined	  affinities	  between	  M92I	  and	  CEC1-­‐5-­‐Fc	  decreased	  
2.5	  fold	  relative	  to	  wt	  C-­‐cadherin,	  but	  the	  affinity	  for	  NEC1-­‐5-­‐Fc	  was	  similar,	  within	  
experimental	  error.	  The	  2D-­‐affinity	  between	  M92I	  and	  CEC1-­‐5-­‐Fc	  is	  4.29±0.54	  x	  10-­‐4	  
µm2,	  and	  the	  dissociation	  rate	  increased	  relative	  to	  wt	  C-­‐cadherin	  from	  0.59±0.22	  
to	  2.30±0.72s-­‐1	  (Table	  4.1).	  M92I	  binds	  NEC1-­‐5-­‐Fc	  with	  an	  affinity	  of	  1.88±0.23	  x	  10-­‐4	  
µm2,	   and	   the	   corresponding	   dissociation	   rate	   is	   1.92±0.55s-­‐1.	   By	   contrast,	   the	  
affinity	  between	  CEC1-­‐5-­‐Fc	  and	  the	  double	  mutant	  K8NS10P,	  which	   is	  postulated	  
to	   alter	   the	   W2	   orientation	   in	   the	   binding	   site,	   is	   statistically	   similar	   to	   wt	   C-­‐
cadherin	   at	   10.3±0.8	   x	   10-­‐4	   µm2.	   	   The	   dissociation	   rate	   was	   slightly	   higher	   than	  
measured	   with	   WT	   C-­‐cadherin	   at	   1.20±0.28s-­‐1.	   	   Relative	   to	   wt	   C-­‐cadherin,	   the	  
affinity	  of	  K8NS10P	  for	  NEC1-­‐5-­‐Fc	  was	  slightly	  higher	  at	  2.5±0.1	  x	  10-­‐4	  µm2,	  and	  the	  
dissociation	  rate	  was	  1.59±0.27s-­‐1	  (Table	  4.1).	  	  The	  latter	  increased	  dissociation	  rate	  
relative	   to	   wt	   C-­‐cadherin	   was	   apparently	   compensated	   by	   an	   increase	   in	   the	  
association	  rate.	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Table	   4.1:	   The	   list	   of	  Ka	   and	   kr	   measured	   between	   full-­‐length	   C-­‐cadherin	  
mutants	  and	  wild-­‐type	  recombinant	  C-­‐cadherin	  or	  N-­‐cadherin	  ectodomains	  
	  
Cadherin mR	   cadherin	  Fc	   mL	   kr	   Ka	   R2	  
 µm-­‐2  µm-­‐2 s-­‐1 x10-­‐4	  µm2  
C 18 C 10 0.59+0.22 10.6+2.15 0.89 
N 15 N 69 1.13+0.37 1.85+0.26 0.99 
N 15 C 103 0.42+0.10 3.2+0.7 0.97 
K8NS10P 41 C 6 1.20+0.28 10.30+0.79 0.87 
K8NS10P 41 N 9 1.59+0.27 2.5+0.1 0.8 
S78A 46 C 16 1.44+0.60 1.65+0.25 0.94 
S78A 46 N 9 1.74+0.84 2.35+0.37 0.74 
M92I 16 C 16 2.30+0.72 4.29+0.54 0.95 
M92I 16 N 44 1.92+0.55 1.88+0.23 0.93 
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
 97 
	  
Figure	   4.3:	   Binding	   probability	   versus	   contact	   time	  measured	   between	   C-­‐
cadherin	  mutants	   and	  C-­‐cadherin-­‐Fc	  with	   the	  micropipette	   technique.	   (A)	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K8NS10P	  mutant	  (41	  molecules/µm2)	  and	  C-­‐cad	  Fc	  on	  RBC	  (6	  molecules/µm2).	  (B)	  
S78A	  mutant	   (46	  molecules/µm2)	   and	  C-­‐cad	   Fc	  on	  RBC	   (33	  molecules/µm2).	   (C)	  
M9I	  mutant	   (16	  molecules/µm2)	   and	   C-­‐cad	   Fc	   on	   RBC	   (16	  molecules/µm2).	   The	  
data	   points	   are	   the	   means	   of	   ~150	   measurements	   and	   the	   error	   bars	   are	   the	  
standard	  deviation	  from	  the	  mean.	  At	  least	  three	  pairs	  of	  cells	  were	  used	  for	  each	  
contact	  time.	  The	  thin	  lines	  are	  to	  guide	  the	  eye,	  and	  the	  thick	  lines	  are	  nonlinear	  
least	  squares	  fits	  of	  the	  data	  for	  the	  first	  binding	  step	  to	  Equation	  2.2.	  The	  dashed	  
lines	   are	   the	  95%	  confidence	   interval.	  The	  numbers	   in	   the	  parenthesis	   indicated	  
the	  cadherin	  density	  on	  CHO	  cells	  and	  on	  RBC	  in	  molecules/µm2.	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Figure	   4.4:	   Binding	   probability	   versus	   contact	   time	  measured	   between	   C-­‐
cadherin	  mutants	  and	  N-­‐cadherin-­‐Fc	  with	   the	  micropipette	   technique.	   (A)	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K8NS10P	  mutant	  (41	  molecules/µm2)	  and	  N-­‐cad	  Fc	  on	  RBC	  (9	  molecules/µm2).	  (B)	  
S78A	  mutant	   (46	  molecules/µm2)	   and	  N-­‐cad	   Fc	   on	   RBC	   (9	  molecules/µm2).	   (C)	  
M9I	  mutant	   (16	  molecules/µm2)	   and	  N-­‐cad	   Fc	   on	  RBC	   (44	  molecules/µm2).	   The	  
data	   points	   are	   the	   means	   of	   ~150	   measurements	   and	   the	   error	   bars	   are	   the	  
standard	  deviation	  from	  the	  mean.	  At	  least	  three	  pairs	  of	  cells	  were	  used	  for	  each	  
contact	  time.	  The	  thin	  lines	  are	  to	  guide	  the	  eye,	  and	  the	  thick	  lines	  are	  nonlinear	  
least	  squares	  fits	  of	  the	  data	  for	  the	  first	  binding	  step	  to	  Equation	  2.2.	  The	  dashed	  
lines	   are	   the	  95%	  confidence	   interval.	  The	  numbers	   in	   the	  parenthesis	   indicated	  
the	  cadherin	  density	  on	  CHO	  cells	  and	  on	  RBC	  in	  molecules/µm2.	  
	  
 
4.3.4 Rac1 Activity in C-CHO, N-CHO and Mutants 
A	  Rac1	  pull	  down	  assay	  was	  used	  to	  determine	  the	  Rac1	  activity	  of	  cadherin	  
expressing	   CHO	   cells.	   The	   data	   in	   Chapter	   3	   demonstrated	   that	   Rac1	   activation	  
peaked	   at	   45	  minutes	   of	   incubation	   (Figure	   3.7).	   This	   incubation	   time	  was	   then	  
used	  for	  the	  mutant	  expressing	  CHO	  cells	  on	  C-­‐cadherin-­‐coated	  surface.	  	  
When	   cells	   expressing	  wt	  C-­‐cadherin	   attached	   to	   immobilized	  CEC1-­‐5-­‐Fc,	  
the	  Rac1-­‐GTP	  levels	  at	  45min	  increased	  approximately	  six	  fold	  (6.26±0.28)	  relative	  
t	  =	  0	  min	  (Figures	  3.7	  and	  3.9).	  The	  K8NS10P	  ligation	  to	  CEC1-­‐5-­‐Fc	  increased	  Rac1-­‐
GTP	   6.7±1.7	   fold	   over	   initial	   Rac-­‐GTP	   (Figure	   4.5A,	   B;	   Table	   4.2).	   The	   latter	   is	  
statistically	   similar	   to	   that	   observed	   with	   wt	   C-­‐cadherin	   (p	   =	   0.69).	   The	   M92I	  
mutant,	  with	  an	  affinity	  for	  wt	  C-­‐cadherin	  that	  is	   intermediate	  between	  K8NS10P	  
and	   S78A,	   triggered	   a	   3.7fold	   increase	   in	   Rac1-­‐GTP	   (Figure	   4.5;	   Table	   4.2).	   By	  
contrast,	  in	  cells	  expressing	  the	  S78A	  mutant,	  the	  relative	  Rac1-­‐GTP	  level	  at	  45min	  
was	  0.61±0.19.	  Rac1-­‐GTP	   levels	  were	  unchanged	  after	  cells	  expressing	  N-­‐Cadherin	  
attached	  to	  CEC1-­‐5-­‐Fc	  (Table	  4.2).	  Conversely,	  after	  45min	  on	  NEC1-­‐5-­‐Fc	  substrata,	  
the	   relative	   Rac1-­‐GTP	   levels	   in	   cells	   expressing	   either	   wt	   C-­‐cadherin	   or	   wt	   N-­‐
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Cadherin	   were	   0.92±0.14	   and	   0.80±0.34,	   respectively	   (Figure	   3.9;	   Table	   4.2).	  
Comparing	   the	   relative	   changes	   in	   Rac1	   signaling	   with	   the	   cadherin	   affinities	  
(Figure	  4.5C,	  Table	  4.2)	  clearly	  shows	  that	   that	  cadherins	   transduce	  variations	   in	  
cadherin	  binding	  affinities	  over	  large	  distances	  in	  the	  protein	  to	  effect	  proportional	  
changes	  in	  intracellular	  signaling.	  	  
	  
Table	  4.2:	  Summary	  of	  Rac1-­‐GTP	  level	  and	  affinity	  
	  
Interaction	  pair Average	  of	  Rac1	  activation Affinity	  (x10-­‐4/µm2) 
K8NS10P	  on	  C-­‐cad 6.69+1.71 10.30+0.79 
S78A	  on	  C-­‐cad 0.61+0.19 1.65+0.25 
M92I	  on	  C-­‐Cad 3.74+1.56 4.29+0.54 
C-­‐CHO	  on	  C-­‐cad 6.26+0.28 10.6+2.15 
N-­‐CHO	  on	  C-­‐cad 1.18+0.4 3.2+0.7 
C-­‐CHO	  on	  N-­‐cad 0.92+0.14 3.48+0.2 
N-­‐CHO	  on	  N-­‐Cad 0.8+0.34 1.85+0.26 
	  
 102 
	  
Figure	   4.5:	   Rac1-­‐GTP	   levels	   in	   C-­‐CHO	   expressing	  WT	   C-­‐cadherin	   (C-­‐CHO)	  
and	   C-­‐cadherin	   mutants.	   (A)	   Rac1	   activation	   of	   CHO	   expressing	   C-­‐cadherin	  
mutants	  attached	  to	  aC-­‐cadherin	  substrate	  at	  45	  minutes	  of	   incubation	  time.	   (B)	  
Comparison	   of	   the	   Rac1	   activation	   of	   C-­‐CHO	   and	   N-­‐CHO	   on	   a	   C-­‐cadherin	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substrate,	  CHO	  expressing	  C-­‐cadherin	  mutants	  on	  a	  C-­‐cadherin	  substrate,	  and	  C-­‐
CHO	  and	  N-­‐CHO	  on	  N-­‐cadherin	  substrate.	  The	  Rac1	  activation	  was	  normalized	  to	  
the	   Rac1	   activity	   in	   suspended	   cells.	   The	   cadherin	   expression	   levels	   for	   K8NS10p	  
mutant,	  S78A	  mutant,	  M92I	  mutant,	  C-­‐	  and	  N-­‐CHO	  cells	  are	  32,	  34,	  34,	  31,	  and	  31	  
molecules/µm2	  respectively.	  The	  C-­‐	  and	  N-­‐cadherin	  substrate	  densities	  are	  5	  x	  103	  
and	  4	   x	   103	   respectively.	   (C)	  Rac1-GTP versus the two-dimensional cadherin binding 
affinity.	  	  
	  
4.4	  Discussion	  
The	  three	  main	  findings	  of	  this	  study	  are	  i)	  the	  identification	  of	  binding	  site	  
mutations	   in	   the	   N-­‐terminal	   EC1	   domain	   that	   switch	   the	   cell	   aggregation	  
specificity	  of	  the	  C-­‐cadherin	  scaffold,	  ii)	  the	  demonstration	  that	  cell	  sorting	  results	  
correlate	  with	  the	  quantified	  changes	  in	  the	  two-­‐dimensional	  affinities	  of	  the	  full-­‐
length	  mutants	   in	   the	   context	  of	   the	   cell	   surface,	   and	   iii)	   that	   these	  quantitative	  
differences	  are	  transduced	  across	  the	  membrane	  to	  effect	  proportional	  changes	  in	  
GTPase	  signaling	  amplitudes. 	  
The	   complete	   switch	   in	   the	   sorting	   specificity	   of	   the	   C-­‐cadherin	   scaffold	  
caused	  by	  the	  S78A	  mutation	  correlates	  with	  a	  six	  fold	  decrease	  in	  affinity	  for	  wt	  C-­‐
cadherin	   to	   an	   affinity	   much	   closer	   to	   that	   of	   the	   heterophilic	   C-­‐cadherin/N-­‐
cadherin	  bond.	   	  By	  contrast,	  the	  more	  modest	  2.5	  fold	  decrease	  in	  the	  affinity	  for	  
C-­‐cadherin	   following	   the	   M92I	   mutation	   resulted	   in	   M92I	   expressing	   cells	  
intermixing	  with	   both	  C-­‐cadherin	   and	  N-­‐cadherin	   expressing	   cells.	   The	   findings	  
support	   a	   view	   that	   relatively	   large	   differences	   in	   two-­‐dimensional	   affinities	  
promote	  cell	  sorting	   in	  vitro,	  and	  that	  affinity	  differences	  achieved	  with	  the	  same	  
protein	  scaffold	  correlate	  with	  sorting	  outcomes.	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The	  kinetic	  measurements	  reveal	  the	  clear	  sensitivity	  of	  the	  EC1-­‐dependent	  
binding	  affinity	  and	  dissociation	  rate	  to	  mutations	  near	  the	  docked	  W2.	  The	  S78A	  
mutation	   in	   the	   C-­‐cadherin	   scaffold	   substantially	   reduced	   the	   two-­‐dimensional	  
affinity,	   without	   altering	   protein	   expression.	   The	   substantial	   effect	   of	   the	   S78	  
mutation	   agrees	   with	   a	   prior	   report	   that	   mutations	   at	   positions	   78	   and	   83	   of	  
human	   E-­‐cadherin	   altered	   the	   in	   vitro	   sorting	   patterns	   of	   E-­‐cadherin	   and	   P-­‐
cadherin	   expressing	   L1	   cells [18].	   The	  A78M	  mutation	   also	   completely	   abolished	  
adhesive	   function	   of	   N-­‐cadherin	   [54].	   The	   latter	   mutation	   also	   altered	   epitope	  
accessibility	  on	  the	  distal	  surface	  of	  EC1,	  suggesting	  allosteric	  coupling	  within	  the	  
domain	   [57].	   The	   S78A	   mutation	   substantially	   attenuates	   the	   homophilic	   C-­‐
cadherin	   affinity,	   but	   sequence	   comparisons	   suggest	   that	   the	   position	   in	   the	  
sequence	   rather	   than	   the	   amino	   acid	   identity	   is	   the	   basis	   of	   the	   altered	   affinity.	  	  
Amino	  acid	  78	  in	  canine	  E-­‐cadherin	  is	  also	  serine,	  but	  E-­‐cadherin	  expressing	  cells	  
intermix	   with	   N-­‐cadherin	   expressing	   cells	   in	   both	   cell	   aggregation	   and	   hanging	  
drop	  sorting	  assays	  (Figure	  3.2	  and	  3.3)	  [15].	  Perturbations	  in	  this	  region	  may	  also	  
allosterically	   alter	   the	   EC1	   structure,	   as	   suggested	   by	   the	   impact	   of	   calcium	   site	  
mutations	  at	  the	  EC1-­‐EC2	  junction	  on	  W2	  docking	  and	  the	  effect	  of	  W2	  binding	  on	  
GC4	  epitope	  exposure	  [57].	  	  	  	  
The	  relative	  homophilic	  and	  heterophilic	  affinities	  of	  the	  wild	  type	  proteins	  
compare	  with	  prior	  biophysical	  measurements	  of	  protein	   adhesion	  energies	   [33].	  	  
However,	  we	  attribute	  differences	  in	  the	  dissociation	  rates	  estimated	  in	  a	  different	  
study	   of	   single	   bond	   rupture	   [15]	   to	   differences	   in	   the	   experimental	   approaches.	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The	   single	   bond	   dissociation	   rates	   were	   determined	   by	   mechanically	   breaking	  
individual	   cadherin	   bonds	   [15]	   in	   contrast	   to	   these	  micropipette	  measurements,	  
and	   force	   activated	   unbinding	   may	   differ	   from	   thermally	   activated	   dissociation	  
[109].	  	  
Prior	  studies	  by	  us	  and	  by	  others	  also	  identified	  multiple	  cadherin	  binding	  
interactions	   that	   involve	   different	   domains	   [11-­‐15,34,58,110-­‐112].	   Kinetic	  
micropipette	   measurements	   showed	   that	   the	   transition	   to	   the	   high	   probability	  
binding	   state	   requires	   the	   third	   domain	   EC3	   [112],	   in	   agreement	   with	   prior	  
biophysical	   studies	   [113].	   	  This	  study	  shows	  that,	  although	  additional	   interactions	  
contribute	   to	   the	   formation	   of	   a	   high	   probability	   cadherin	   binding	   state,	  
substantial	   differences	   in	   the	   EC1	   binding	   affinities	   correlate	   with	   in	   vitro	   cell	  
sorting.	   Cadherin	   subtype-­‐specific	   differences	   in	   signaling	   and	   cytoskeletal	  
regulation	   [95,114,115]	   may	   modulate	   this	   behavior.	   However,	   with	   similar	   or	  
identical	   scaffolds	   and	   intracellular	   signaling	   pathways,	   these	   findings	   show	   that	  
the	  EC1	  affinities	  govern	  nonequilibrium	  in	  vitro	  cell	  sorting.	  
Despite	  the	  focus	  on	  the	  role	  of	  cell	  surface	  binding	  energies	  in	  specificity	  
and	   sorting,	   cadherins	   are	   signaling	   proteins	   that	   regulate	   cytoskeletal	  
organization,	   proliferation,	   and	   differentiation.	   Cadherin-­‐dependent	   Rac1	  
activation	   is	   linked	   to	   cell	   cycle	   control	   [116].	   	   Rac1	   regulates	   cytoskeletal	  
organization	  to	  modulate	  cortical	  tension	  and	  possibly	  morphogenetic	  movements	  
[25].	  Indeed,	  atomic	  force	  microscopy	  measurements	  of	  cells	  from	  zebra	  fish	  germ	  
layers	   suggest	   that	   cortical	   tension	   plays	   a	   greater	   role	   in	   cell	   segregation	   than	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surface	  adhesion	  energies	  [26].	  While	  the	  role	  of	  cadherins,	  which	  are	  required	  for	  
sorting,	   was	   not	   addressed	   in	   the	   latter	   study,	   these	   results	   suggest	   that	  
RhoGTPase	   activity	   may	   be	   the	   link	   between	   cadherin	   affinity	   and	   membrane	  
tension.	  	  
The	   correlation	   between	   cadherin	   affinity	   and	   Rac1-­‐GTP	   activation	  
highlights	   the	   broader	   impact	   of	   cadherin	   affinity	   differences.	   	  Differential	   actin	  
reorganization	  at	  sites	  of	  elevated	  Rac1-­‐GTP	  could	  amplify	  differences	  in	  cadherin	  
binding	  affinities,	  resulting	  in	  differences	  in	  the	  expansion	  of	  cell-­‐cell	  contacts	  or	  
altered	  local	  contractility.	   	  This	  applies	  to	  cadherin	  adhesion	  in	  normal	  tissues	  as	  
well	  as	  to	  disease	  linked	  cadherin	  mutations,	  which	  could	  impinge	  on	  critical	  cell	  
functions	   by	   perturbing	   both	   adhesive	   (mechanical)	   and	   intracellular	   signaling	  
(biochemical)	   mechanisms.	   The	   E-­‐cadherin	   exon-­‐8	   deletion	   associated	   with	  
human	   gastric	   and	  breast	   cancer,	   for	   example,	   reduces	  Rac1	   signaling	   relative	   to	  
normal	   cells	   [117],	   while	   the	   RhoA	   activity	   is	   apparently	   upregulated.	   Cells	  
expressing	  the	  latter	  mutation	  are	  more	  motile	  than	  cells	  expressing	  wild	  type	  E-­‐
cadherin,	  suggesting	  compromised	  E-­‐cadherin	  adhesive	  function	  and	  altered	  actin	  
organization	   through	   altered	   GTPase	   activity.	   The	   interplay	   between	   affinity,	  
proportional	  GTPase	  activation	  (or	  suppression),	  and	  cell	  functions	  suggests	  much	  
broader	   functional	   consequences	   of	   differential	   cadherin	   adhesion	   than	   simple	  
adhesion	  mechanics.	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Chapter	  5	  	  
Conclusion	  and	  Future	  Directions	  
	  
5.1	  Conclusion	  
This	  work	   focused	  on	  the	  mechanism	  of	   cadherin	  bond	   formation	  and	  on	  
how	   the	   biophysical	   properties	   of	   cadherin	   bonds	   affect	   cadherin-­‐mediated	   cell	  
sorting.	   First,	   the	   affinities	   and	   kinetics	   of	   cadherins	   were	   studied	   using	   the	  
micropipette	   manipulation	   method.	   The	   time-­‐dependence	   of	   the	   intercellular	  
binding	   probability	   of	   Xenopus	   C-­‐cadherin	   bond	   exhibits	   a	   fast-­‐forming,	   low	  
probability	  binding	   state,	  which	  transitions	   to	  a	  slower-­‐forming,	  high	  probability	  
state.	   All	   of	   the	   cadherin	   bonds	   tested	   in	   this	   study,	   both	   homophilic	   and	  
heterophilic	   show	   qualitatively	   biphasic	   kinetics.	   The	   biphasic	   kinetics	   is	  
independent	  of	   the	  cytoplasmic	  region,	  but	   the	   transition	  to	   the	  high-­‐probability	  
state	  requires	  the	  third	  extracellular	  domain	  EC3.	  Deleting	  either	  EC3	  or	  EC3-­‐5,	  or	  
substituting	  W2	  for	  Ala	  reduces	  the	  binding	  curves	  to	  a	  simple,	  monophasic	  rise	  in	  
binding	   probability	   to	   a	   limiting	   plateau,	   as	   predicted	   for	   a	   single	   site	   binding	  
mechanism.	   The	   multi-­‐domain	   cadherin	   binding	   mechanism	   was	   also	   found	   in	  
SFA	  and	  BFP	  studies [11,12,14,33].	  	  Besides,	  the	  study	  also	  proved	  that,	  in	  addition	  to	  
EC1,	  other	  EC	  domains	  are	  required	  for	  cadherin	  adhesion,	  consistent	  with	  Surface	  
 108 
Force	  Apparatus	  [12].,	  flow	  chamber[13],	  atomic	  force	  microscope [15]	  and	  antibody	  
mapping	  studies [60] 	  
Studies	   of	   the	   cadherin-­‐dependent	   sorting	   of	   cadherin-­‐expressing	   CHO	  
cells	   confirms	   that	   the	   sorting	   results	   are	   not	   only	   determined	   by	   the	   cadherin	  
expression	   levels	  on	   the	   cell	   surfaces	  but	   also	  depend	  on	   the	   expressed	   cadherin	  
subtypes.	  In	  my	  experiments,	  only	  the	  C-­‐CHO	  segregated	  from	  N-­‐CHO	  when	  the	  
cadherin	   expression	   levels	   were	   similar.	   E-­‐CHO	   formed	   mixed	   aggregates	   with	  
both	   C-­‐CHO	   and	   N-­‐CHO.	   Further	   determinations	   of	   the	   binding	   affinities	   and	  
bond	   dissociation	   rates	   from	   micropipette	   manipulation	   data	   showed	   that	  
cadherins	   do	   not	   prefer	   to	   formed	   homophilic	   bonds	   and	   that	   cell-­‐sorting	  
outcomes	   depended	   on	   the	   cadherin	   subtype.	   Although	   C-­‐cadherin	   exhibits	   a	  
higher	   affinity	   for	   homophilic	   binding	   than	   for	   heterophilic	   binding	   to	   different	  
cadherins,	   E-­‐cadherin	   and	   N-­‐cadherin	   did	   not	   preferentially	   form	   homophilic	  
bond.	   The	   difference	   between	   homophilic	   and	   heterophilic	   bonds,	   however,	   are	  
evident	  in	  cadherin	  mediated	  Rac1	  signaling.	  Rac1	  activation	  triggered	  by	  C-­‐	  or	  E-­‐	  
cadherin	   ligation	   showed	   a	   much	   greater	   response	   to	   homophilic	   than	   to	  
heterophilic	  ligands.	  	  
Finally	   the	   structural	   basis	   of	   cadherin	   dependent	   cell	   sorting	   specificity	  
was	   investigated.	  Based	  on	  the	  observation	  that	  C-­‐CHO	  sorted	  out	   from	  chicken	  
N-­‐CHO,	   I	   generated	   C-­‐cadherin	   to	   N-­‐cadherin	   mutations	   that	   were	   based	   on	  
structural	   and	   sequence	  differences	  between	  C-­‐	   and	  N-­‐cadherin.	  Three	  mutation	  
sites	  were	  chosen.	  One	  mutation,	  S78A,	  alters	  C-­‐cadherin-­‐dependent	  cell	   sorting	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specificity.	  All	  three	  mutations	  had	  different	  effects	  on	  the	  cadherin	  affinities	  and	  
on	  Rac1	  activation.	  Significantly,	  the	  consequent	  changes	  in	  affinity	  correlated	  with	  
the	  changes	  in	  Rac1	  activation.	  	  
	  
5.2	  Future	  Work	  
Further	  studies	  are	  needed	  to	  understand	  the	  cadherin	  functions	  and	  their	  
impact	  on	  cadherin-­‐mediated	  cell	  sorting.	  
1.Delineation	  of	  cadherin	  bond	  properties	  by	  modeling	  micropipette	  data.	  
The	   first	   stage	   of	   the	   biphasic	   kinetics	   was	   modeled	   in	   this	   study	   and	  
affinity	   and	   bond	   dissociation	   constant	   of	   EC1	   was	   extracted.	   However,	   a	   more	  
extensive	  model	   is	  needed	  to	  describe	   the	  complete	  biphasic	  kinetics	   in	  order	   to	  
understand	  the	  initial	  cadherin	  binding	  mechanism.	  	  
2.	  The	  role	  of	  other	  Rho	  family	  GTPase	  in	  Cadherin-­‐dependent	  signaling	  
Our	   study	   showed	   that	   homophilic	   C-­‐	   and	   E-­‐cadherin	   ligation	   activates	  
Rac1.	   However,	   the	   Rac1-­‐GTP	   level	   in	   N-­‐CHO	   were	   low	   on	   all	   three	   cadherin	  
substrata.	   Other	   studies	   indicated	   N-­‐cadherin	   ligation	   activates	   RhoA	   signaling	  
[52,114],	   which	   is	   different	   from	   these	   E-­‐	   or	   C-­‐cadherin	   expressing	   cells [51].	   An	  
extensive	   study	   for	   how	   cadherin	   ligation	   activates	   different	   Rho	   GTPase	   is	  
required	  to	  fully	  understand	  cadherin-­‐dependent	  signaling.	  
3.	  Rac1	  inhibition	  and	  cell	  sorting	  
Rac1	   activation	   promotes	   actin	   branching	   and	   at	   cell-­‐cell	   junction.	   The	  
consequence	  may	  affect	  the	  membrane	  tension	  and	  change	  the	  sorting	  results.	  The	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assumption	  could	  be	  tested	  using	  Rac1	  inhibitor	  in	  cell	  sorting	  assay.	  According	  to	  
DAH,	  the	  results	  should	  be	  determine	  by	  affinity	  and	  expression	  level	  of	  cadherin.	  
4.	  	  Rac1	  activation	  detection	  by	  Rac1	  biosensor	  
The	   Rac1	   pull	   down	   assay	   only	   determines	   the	   total	   amount	   of	   Rac1	  
activation	  inside	  cells.	  However,	  cadherins	  are	  known	  to	  cluster	  at	  adhesion	  sites 
[71].	   It	   is	   also	   important	   to	   know	   how	   Rac1	   response	   to	   cadherin	   adhesion	   and	  
clustering	  at	  the	  adhesion	  site.	  The	  newly	  development	  Rac1	  biosensor,	  which	  used	  
FRET	   (Fluorescence	   Resonance	   Energy	   Transfer)	   to	   detect	   spatial	   and	   temporal	  
changes	   in	  Rac1	   activation	  within	   cells,	   gives	   the	   information	  of	   subcellular	  Rac1	  
distributions.	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Appendix	  A	  
Micropipette	   Measurements	   of	   Cadherin	  
Interactions	  
In	  addition	  to	  the	  measurements	  in	  the	  chapter	  2,	  3,	  and	  4,	  the	  micropipette	  
manipulation	   technique	   was	   used	   to	   measure	   cadherin	   homophilic	   and	  
heterophilic	  interactions	  with	  different	  cadherin	  densities	  on	  the	  CHO	  cells	  and	  on	  
the	  RBCs.	  Those	  data,	  which	  were	  not	  shown	  in	  the	  chapters,	  are	  complied	  here.	  
For	  all	  of	  the	  figures,	  the	  cadherin	  pairs	  are	  indicated	  in	  each	  figure.	  The	  thin	  line	  
is	  used	  to	  guide	  the	  eye.	  The	  thick	  line	  is	  the	  fit	  of	  the	  data	  during	  the	  first	  binding	  
step	  (P1)	   to	  Equation	  2.2,	  and	  the	  dashed	   lines	  are	   the	  95%	  confidence	   intervals.	  	  
The	  numbers	  in	  the	  parenthesis	  indicated	  the	  cadherin	  density	  on	  the	  CHO	  cells	  
and	  on	  the	  RBC	  in	  molecules/µm2.	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A.1	  C-­‐CHO	  versus	  C-­‐cadFc	  
	  
Figure	   A.1:	  Binding	   probability	   versus	   contact	   time	  measured	   between	   C-­‐
cadherin	   and	   Fc-­‐tagged	   C-­‐cadherin	   with	   the	   micropipette	   technique.	   C-­‐
cadherin	  on	  C-­‐CHO	  (18	  molecules/µm2)	  and	  C-­‐cad	  Fc	  on	  RBC	  (20	  molecules/µm2).	  
The	  data	  points	   are	   the	  means	  of	  ~150	  measurements	   and	   the	   error	  bars	   are	   the	  
standard	  deviation	  from	  the	  mean.	  At	  least	  three	  pairs	  of	  cells	  were	  used	  for	  each	  
contact	  time.	  The	  thin	  lines	  are	  to	  guide	  the	  eye,	  and	  the	  thick	  lines	  are	  nonlinear	  
least	  squares	  fits	  of	  the	  data	  for	  the	  first	  binding	  step	  to	  Equation	  2.2.	  The	  dashed	  
lines	   are	   the	  95%	  confidence	   interval.	  The	  numbers	   in	   the	  parenthesis	   indicated	  
the	  cadherin	  density	  on	  CHO	  cells	  and	  on	  RBC	  in	  molecules/µm2.	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A.2	  E-­‐CHO	  versus	  E-­‐cadFc 
	  
	  
Figure	   A.2:	  Binding	   probability	   versus	   contact	   time	  measured	   between	   E-­‐
cadherin	  and	  Fc-­‐tagged	  E-­‐cadherin	  with	  the	  micropipette	  technique.	  (A)	  E-­‐
cadherin	  on	  E-­‐CHO	  (16	  molecules/µm2)	  and	  E-­‐cad	  Fc	  on	  RBC	  (14	  molecules/µm2).	  
(B)	   E-­‐cadherin	   on	   E-­‐CHO	   (16	   molecules/µm2)	   and	   E-­‐cad	   Fc	   on	   RBC	   (44	  
molecules/µm2).	   The	   data	   points	   are	   the	   means	   of	   ~150	   measurements	   and	   the	  
error	  bars	  are	   the	  standard	  deviation	   from	  the	  mean.	  At	   least	   three	  pairs	  of	  cells	  
were	  used	  for	  each	  contact	  time.	  The	  thin	  lines	  are	  to	  guide	  the	  eye,	  and	  the	  thick	  
lines	   are	   nonlinear	   least	   squares	   fits	   of	   the	   data	   for	   the	   first	   binding	   step	   to	  
Equation	  2.2.	  The	  dashed	   lines	   are	   the	  95%	  confidence	   interval.	  The	  numbers	   in	  
the	   parenthesis	   indicated	   the	   cadherin	   density	   on	   CHO	   cells	   and	   on	   RBC	   in	  
molecules/µm2.	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A.3	  N-­‐CHO	  versus	  N-­‐cadFc	  
	  
	  
Figure	   A.3:	  Binding	   probability	   versus	   contact	   time	  measured	   between	  N-­‐
cadherin	  and	  Fc-­‐tagged	  N-­‐cadherin	  with	  the	  micropipette	  technique.	  (A)	  N-­‐
cadherin	   on	   N-­‐CHO	   (15	   molecules/µm2)	   and	   E-­‐cad	   Fc	   on	   RBC	   (178	  
molecules/µm2).	   (B)	   E-­‐cadherin	   on	   E-­‐CHO	   (15	  molecules/µm2)	   and	   E-­‐cad	   Fc	   on	  
RBC	  (33	  molecules/µm2).	  The	  data	  points	  are	  the	  means	  of	  ~150	  measurements	  and	  
the	   error	   bars	   are	   the	   standard	   deviation	   from	   the	  mean.	  At	   least	   three	   pairs	   of	  
cells	  were	  used	  for	  each	  contact	  time.	  The	  thin	  lines	  are	  to	  guide	  the	  eye,	  and	  the	  
thick	  lines	  are	  nonlinear	  least	  squares	  fits	  of	  the	  data	  for	  the	  first	  binding	  step	  to	  
Equation	  2.2.	  The	  dashed	   lines	   are	   the	  95%	  confidence	   interval.	  The	  numbers	   in	  
the	   parenthesis	   indicated	   the	   cadherin	   density	   on	   CHO	   cells	   and	   on	   RBC	   in	  
molecules/µm2.	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A.4	  C-­‐CHO	  versus	  E-­‐cadFc	  
	  
	  
Figure	   A.4:	  Binding	   probability	   versus	   contact	   time	  measured	   between	   E-­‐
cadherin	   and	   Fc-­‐tagged	   E-­‐cadherin	   with	   the	   micropipette	   technique.	   C-­‐
cadherin	  on	  C-­‐CHO	  (18	  molecules/µm2)	  and	  E-­‐cad	  Fc	  on	  RBC	  (33	  molecules/µm2).	  
The	  data	  points	   are	   the	  means	  of	  ~150	  measurements	   and	   the	   error	  bars	   are	   the	  
standard	  deviation	  from	  the	  mean.	  At	  least	  three	  pairs	  of	  cells	  were	  used	  for	  each	  
contact	  time.	  The	  thin	  lines	  are	  to	  guide	  the	  eye,	  and	  the	  thick	  lines	  are	  nonlinear	  
least	  squares	  fits	  of	  the	  data	  for	  the	  first	  binding	  step	  to	  Equation	  2.2.	  The	  dashed	  
lines	   are	   the	  95%	  confidence	   interval.	  The	  numbers	   in	   the	  parenthesis	   indicated	  
the	  cadherin	  density	  on	  CHO	  cells	  and	  on	  RBC	  in	  molecules/µm2.	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A.5	  N-­‐CHO	  versus	  E-­‐cadFc	  
	  
	  
	  
Figure	   A.5:	   Binding	   probability	   versus	   contact	   time	  measured	   between	  N-­‐
cadherin	   and	   Fc-­‐tagged	   E-­‐cadherin	   with	   the	   micropipette	   technique.	   N-­‐
cadherin	  on	  N-­‐CHO	  (15	  molecules/µm2)	  and	  E-­‐cad	  Fc	  on	  RBC	  (33	  molecules/µm2).	  
The	  data	  points	   are	   the	  means	  of	  ~150	  measurements	   and	   the	   error	  bars	   are	   the	  
standard	  deviation	  from	  the	  mean.	  At	  least	  three	  pairs	  of	  cells	  were	  used	  for	  each	  
contact	  time.	  The	  thin	  lines	  are	  to	  guide	  the	  eye,	  and	  the	  thick	  lines	  are	  nonlinear	  
least	  squares	  fits	  of	  the	  data	  for	  the	  first	  binding	  step	  to	  Equation	  2.2.	  The	  dashed	  
lines	   are	   the	  95%	  confidence	   interval.	  The	  numbers	   in	   the	  parenthesis	   indicated	  
the	  cadherin	  density	  on	  CHO	  cells	  and	  on	  RBC	  in	  molecules/µm2.	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A.6	  N-­‐CHO	  versus	  C-­‐cadFc	  
	  
	  
	  
Figure	   A.6:	   Binding	   probability	   versus	   contact	   time	  measured	   between	  N-­‐
cadherin	  and	  Fc-­‐tagged	  C-­‐cadherin	  with	  the	  micropipette	  technique.	  (A)	  C-­‐
cadherin	  on	  N-­‐CHO	  (15	  molecules/µm2)	  and	  C-­‐cad	  Fc	  on	  RBC	  (49	  molecules/µm2).	  
(B)	   N-­‐cadherin	   on	   N-­‐CHO	   (15	   molecules/µm2)	   and	   C-­‐cad	   Fc	   on	   RBC	  
(19molecules/µm2).	  The	  data	  points	  are	  the	  means	  of	  ~150	  measurements	  and	  the	  
error	  bars	  are	   the	  standard	  deviation	   from	  the	  mean.	  At	   least	   three	  pairs	  of	  cells	  
were	  used	  for	  each	  contact	  time.	  The	  thin	  lines	  are	  to	  guide	  the	  eye,	  and	  the	  thick	  
lines	   are	   nonlinear	   least	   squares	   fits	   of	   the	   data	   for	   the	   first	   binding	   step	   to	  
Equation	  2.2.	  The	  dashed	   lines	   are	   the	  95%	  confidence	   interval.	  The	  numbers	   in	  
the	   parenthesis	   indicated	   the	   cadherin	   density	   on	   CHO	   cells	   and	   on	   RBC	   in	  
molecules/µm2.	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A.7	  K8NS10P	  mutant	  versus	  C-­‐cadFc	  
	  
	  
	  
Figure	  A.7:	  Binding	  probability	  versus	  contact	   time	  measured	  between	  the	  
C-­‐cadherin	  K8NS10P	  mutant	   and	   Fc-­‐tagged	   C-­‐cadherin	  measured	  with	   the	  
micropipette	  technique.	  C-­‐cadherin	  K8NS10P	  on	  CHO	  (25	  molecules/µm2)	  and	  
C-­‐cad	   Fc	   on	   RBC	   (6	   molecules/µm2).	   The	   data	   points	   are	   the	   means	   of	   ~150	  
measurements	   and	   the	   error	   bars	   are	   the	   standard	   deviation	   from	   the	  mean.	  At	  
least	   three	   pairs	   of	   cells	   were	   used	   for	   each	   contact	   time.	   The	   thin	   lines	   are	   to	  
guide	  the	  eye,	  and	  the	  thick	  lines	  are	  nonlinear	  least	  squares	  fits	  of	  the	  data	  for	  the	  
first	   binding	   step	   to	   Equation	   2.2.	   The	   dashed	   lines	   are	   the	   95%	   confidence	  
interval.	  The	  numbers	  in	  the	  parenthesis	   indicated	  the	  cadherin	  density	  on	  CHO	  
cells	  and	  on	  RBC	  in	  molecules/µm2.	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Appendix	  B	  
DNA	  Sequencing	  Results	  for	  C-­‐cadherin	  Mutants	  
The	   mutations	   described	   in	   chapter	   4	   were	   further	   tested	   for	   sequence	  
fidelity	   by	   DNA	   sequencing	   (W.	   M.	   Keck	   Center	   for	   Comparative	   Functional	  
Genomics,	  University	   of	   Illinois).	   	   The	   obtained	  DNA	   sequences	  were	   translated	  
into	  protein	  sequences	  using	  the	  program	  at	  
http://searchlauncher.bcm.tmc.edu/seq-­‐util/Options/sixframe.html	  
The	  primer	  used	  for	  DNA	  sequencing	  was	  designed	  according	  to	  the	  C-­‐
cadherin	  DNA	  sequence,	  and	  the	  sequence	  is	  5’-­‐CTG	  ACA	  TTT	  CCA	  GAG	  ACG	  CA-­‐
3’	  
	  
B.1	  K8NS10P	  
DNA: CTTCNTAAGGGCGTGCAGATCGAATGCCAACAAAGACCGGTCCCTTNAAAG 
 +3:   S  *  G  R  A  D  R  M  P  T  K  T  G  P  X  K  G 
DNA: GGTACTACAGTATTACTGGGCAAGGGGCCGACAACCCTCCTCAAGGAGTTT 
 +3:   Y  Y  S  I  T  G  Q  G  A  D  N  P  P  Q  G  V  F 
DNA: TTCGTATAGAGTGGNAGACCGGATGGATGCTAGTTACTCGGCCTTTGGATC 
 +3:   R  I  E  W  X  T  G  W  M  L  V  T  R  P  L  D  R 
DNA: GTGAAGAGTATGATAAATATGTGCTGTCTTCTCATGCCGTTTCTGAGAATG 
 +3:   E  E  Y  D  K  Y  V  L  S  S  H  A  V  S  E  N  G 
DNA: GTTCTCCTGTGGAGGAACCGATGGAAATAACCATCAATGTGATTGATCAGA 
 +3:   S  P  V  E  E  P  M  E  I  T  I  N  V  I  D  Q  N 
DNA: ATGATAACCGTCCCAAATTCACACAAGATGTGTTCAGAGGATCTGTCAGGG 
 +3:   D  N  R  P  K  F  T  Q  D  V  F  R  G  S  V  R  E 
DNA: AGGGTGTGCAGCCAGGCACCCAGNTTTTNNCTGTATCTGCAACAGATGAAG 
 +3:   G  V  Q  P  G  T  Q  X  X  X  V  S  A  T  D  E  D 
DNA: ACGACAATATAGACAGCCTGAACGGTGTCCTTTCCTATTCCATTCTGAAGC 
 +3:   D  N  I  D  S  L  N  G  V  L  S  Y  S  I  L  K  Q 
DNA: AGGATCCTGAAGAACCAATTCCTAACTTGTTTACCATAAACCGTGAAACCG 
 +3:   D  P  E  E  P  I  P  N  L  F  T  I  N  R  E  T  G 
DNA: GAGTGATTAGCTTGATTGGGACAGGTTTGGACAGAGAGAAATTTCCAGAAT 
 +3:   V  I  S  L  I  G  T  G  L  D  R  E  K  F  P  E  Y 
DNA: ATACCCTTACTGTCCAAGCTACAGATCTGGAAGGCGCAGGACTCTCCGTAG 
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 +3:   T  L  T  V  Q  A  T  D  L  E  G  A  G  L  S  V  E 
DNA: AGGGGAAAGCTATTATTCAGATCACTGATGCAAACGACAATGCTCCAATTT 
 +3:   G  K  A  I  I  Q  I  T  D  A  N  D  N  A  P  I  F 
DNA: TTGATCCAAAAACTTATACAGCACTGGTCCCAGAGAATGAAATTGGTTTTG 
 +3:   D  P  K  T  Y  T  A  L  V  P  E  N  E  I  G  F  E 
DNA: AAGTTCAGAGACTGTCTGTTACAGACTTTGGATATGCCTGGTACGCCTGCA 
 +3:   V  Q  R  L  S  V  T  D  F  G  Y  A  W  Y  A  C  M 
DNA: TGGCAGGCAGTCTACANGATAAGGGGTTAACGAAGNGAGGTTTTTTAT 
 +3:   A  G  S  L  X  D  K  G  L  T  K  X  G  F  L   
	  
B.2	  S78A	  
DNA: NAGGAGAGAGAGNTGGGTCATCCCTCCTATAAAGGTTTCTGAGAATGAACG 
 +2:  R  R  E  X  W  V  I  P  P  I  K  V  S  E  N  E  R  
DNA: TGGCCCTTTCCCCCAACGTCTCGTGCAGATCAAATCCAACAAAGACCGGTT 
 +2:  G  P  F  P  Q  R  L  V  Q  I  K  S  N  K  D  R  F  
DNA: TAATAAGGTTTACTACAGTATTACTGGGCAAGGGGCCGACAACCCTCCTCA 
 +2:  N  K  V  Y  Y  S  I  T  G  Q  G  A  D  N  P  P  Q  
DNA: AGGAGTTTTTCGTATAGAGTGGGAGACCGGATGGATGCTAGTTACTCGGCC 
 +2:  G  V  F  R  I  E  W  E  T  G  W  M  L  V  T  R  P  
DNA: TTTGGATCGTGAAGAGTATGATAAATATGTGCTGTCTGCTCATGCCGTTTC 
 +2:  L  D  R  E  E  Y  D  K  Y  V  L  S  A  H  A  V  S  
DNA: TGAGAATGGTTCTCCTGTGGAGGAACCGATGGAAATAACCATCAATGTGAT 
 +2:  E  N  G  S  P  V  E  E  P  M  E  I  T  I  N  V  I  
DNA: TGATCAGAATGATAACCGTCCCAAATTCACACAAGATGTGTTCAGAGGATC 
 +2:  D  Q  N  D  N  R  P  K  F  T  Q  D  V  F  R  G  S  
DNA: TGTCAGGGAGGGTGTGCAGCCAGGCACCCAGGTGATGGCTGTATCTGCAAC 
 +2:  V  R  E  G  V  Q  P  G  T  Q  V  M  A  V  S  A  T  
DNA: AGATGAAGACGACAATATAGACAGCCTGAACGGTGTCCTTTCCTATTCCAT 
 +2:  D  E  D  D  N  I  D  S  L  N  G  V  L  S  Y  S  I  
DNA: TCTGAAGCAGGATCCTGAAGAACCAATTCCTAACTTGTTTACCATAAACCG 
 +2:  L  K  Q  D  P  E  E  P  I  P  N  L  F  T  I  N  R  
DNA: TGAAACCGGAGTGATTAGCTTGATTGGGACAGGTTTGGACAGAGAGAAATT 
 +2:  E  T  G  V  I  S  L  I  G  T  G  L  D  R  E  K  F  
DNA: TCCAGAATATACCCTTACTGTCCAAGCTACAGATCTGGAAGGCGCAGGACT 
 +2:  P  E  Y  T  L  T  V  Q  A  T  D  L  E  G  A  G  L  
DNA: CTCCGTAGAGGGGAAAGCTATTATTCAGATCACTGATGCAAACGACAATGC 
 +2:  S  V  E  G  K  A  I  I  Q  I  T  D  A  N  D  N  A  
DNA: TCCAATTTTTGATCCAAAAAACTTATACAGCACTGGTCCCCAGAGAATGAA 
 +2:  P  I  F  D  P  K  N  L  Y  S  T  G  P  Q  R  M  K  
DNA: ATTGGTTTTGAAGTTCAGAGACTGTCTGTTACAGACTTGGATATGCCTGGT 
 +2:  L  V  L  K  F  R  D  C  L  L  Q  T  W  I  C  L  V  
DNA: ACGCCTGCATGGCAGGCAGTCTACAAGA 
 +2:  R  L  H  G  R  Q  S  T  R   
	  
	  
	  
	  
 121 
B.3	  M92I	  
	  
DNA: CCAGNAGAGAGAGNTGGGTCATCCCTCCTATAAAGGTTTCTGAGAATGAAC 
 +3:   X  R  E  X  W  V  I  P  P  I  K  V  S  E  N  E  R 
DNA: GTGGCCCTTTCCCCAAACGTCTCGTGCAGATCAAATCCAACAAAGACCGGT 
 +3:   G  P  F  P  K  R  L  V  Q  I  K  S  N  K  D  R  F 
DNA: TTAATAAGGTTTACTACAGTATTACTGGGCAAGGGGCCGACAACCCTCCTC 
 +3:   N  K  V  Y  Y  S  I  T  G  Q  G  A  D  N  P  P  Q 
DNA: AAGGAGTTTTTCGTATAGAGTGGGAGACCGGATGGATGCTAGTTACTCGGC 
 +3:   G  V  F  R  I  E  W  E  T  G  W  M  L  V  T  R  P 
DNA: CTTTGGATCGTGAAGAGTATGATAAATATGTGCTGTCTTCTCATGCCGTTT 
 +3:   L  D  R  E  E  Y  D  K  Y  V  L  S  S  H  A  V  S 
DNA: CTGAGAATGGTTCTCCTGTGGAGGAACCGATAGAAATAACCATCAATGTGA 
 +3:   E  N  G  S  P  V  E  E  P  I  E  I  T  I  N  V  I 
DNA: TTGATCAGAATGATAACCGTCCCAAATTCACACAAGATGTGTTCAGAGGAT 
 +3:   D  Q  N  D  N  R  P  K  F  T  Q  D  V  F  R  G  S 
DNA: CTGTCAGGGAGGGTGTGCAGCCAGGCACCCAGGTGATGGCTGTATCTGCAA 
 +3:   V  R  E  G  V  Q  P  G  T  Q  V  M  A  V  S  A  T 
DNA: CAGATGAAGACGACAATATAGACAGCCTGAACGGTGTCCTTTCCTATTCCA 
 +3:   D  E  D  D  N  I  D  S  L  N  G  V  L  S  Y  S  I 
DNA: TTCTGAAGCAGGATCCTGAAGAACCAATTCCTAACTTGTTTACCATAAACC 
 +3:   L  K  Q  D  P  E  E  P  I  P  N  L  F  T  I  N  R 
DNA: GTGAAACCGGAGTGATTAGCTTGATTGGGACAGGTTTGGACAGAGAGAAAT 
 +3:   E  T  G  V  I  S  L  I  G  T  G  L  D  R  E  K  F 
DNA: TTCCAGAATATACCCTTACTGTCCAAGCTACAGATCTGGAAGGCGCAGGAC 
 +3:   P  E  Y  T  L  T  V  Q  A  T  D  L  E  G  A  G  L 
DNA: TCTCCGTAGAGGGGAAAGCTATTATTCAGATCACTGATGCAAACGACAATG 
 +3:   S  V  E  G  K  A  I  I  Q  I  T  D  A  N  D  N  A 
DNA: CTCCAATTTTTGATCCAAAAACTTATACAGCACTGGTCCCAGAGAATGAAA 
 +3:   P  I  F  D  P  K  T  Y  T  A  L  V  P  E  N  E  I 
DNA: TTGGTTTTGAAGTTCAGAGACTGTCTGTTACAGACTTGGATATGCCTGGTA 
 +3:   G  F  E  V  Q  R  L  S  V  T  D  L  D  M  P  G  T 
DNA: CGCCTGCATGGCAGGCAGTCTACAAGATAAGGGTTAACGAAGGAGGTTTTT 
 +3:   P  A  W  Q  A  V  Y  K  I  R  V  N  E  G  G  F  F 
DNA: TTAATATTACAACAGATCCCGAGTCTAATCAAGGAATACTAACAACTGCTA 
 +3:   N  I  T  T  D  P  E  S  N  Q  G  I  L  T  T  A  K 
DNA: AGGGTCTGGATTTTGAACTGAGGAAAACAGTACGTGCTTCAAATCACTGTA 
 +3:   G  L  D  F  E  L  R  K  T  V  R  A  S  N  H  C  R 
DNA: GAGAATGCT 
 +3:   E  C   
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